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Abstract 
The research described in this PhD dissertation covers two aspects of lightweight 
materials for transport applications. One aspect is manufacturing process for lightweight 
metallic alloys and the other is structural integrity assessment for composite materials. 
In both cases, there was industrial interest in the research from aerospace, marine and 
automotive manufacturers. The first study relates to forming of lightweight metallic 
alloys. A new forming technique was developed to form lightweight turbine blade 
preforms. The second study relates to structural integrity of composite sandwich 
structures. The resistance of sandwich composite structures to high rate loading 
conditions from an air blast was investigated. 
In the first study, a novel electrical upsetting process, Gleeble Electrical Upsetting 
(GEU), was developed and conducted in a Gleeble 3800 Thermomechanical Simulator. 
By means of a resistance heating system in the Gleeble, a sharp decreasing temperature 
gradient and localized high upsetting ratio of an Aluminium Alloy (AA2011) round bar 
could be achieved. The forming results showed that three key forming parameters 
played important roles in the electrical upsetting process. The three parameters were 
heating rate, forming temperature and forming speed. A processing window was 
assessed to determine the optimum forming process for the GEU technique.  
In the second study, the air blast resistance of full scale GFRP and CFRP-skinned 
sandwich composite panels has been researched. Explosive charges of 38 - 100 kg TNT 
equivalent were employed in these studies to achieve high rate air blast loading. 
High-speed photography and DIC system were employed during the air-blast loading to 
 II  
 
monitor the deformation of these structures under shock loading. Failure mechanisms 
have been revealed using DIC and confirmed in post-test sectioning. Full-scale 
experimental results presented in this thesis were compared with FEA simulations.  
The two research studies performed in this PhD thesis emphasise the importance of 
manufacture process control and structural integrity assessment. In both cases, the 
materials studied are to be employed in transport applications. The Lee Family PhD 
Scholarship along with provision of testing materials from aerospace, marine and 
automotive manufacturers has provided for an interesting PhD study. 
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PART 1 
MANUFACTURING PROCESS FOR 
LIGHTWEIGHT METALLIC ALLOYS 
 
CHAPTER 1 Introduction of Gleeble Electrical Upsetting 
Process 
1.1 Background and Literature Review 
1.1.1 Turbine blade forming technologies 
A turbine blade is one of the most important mechanical components in a gas turbine 
engine. It plays an important role in energy transformation . Therefore it requires 
high-geometric precision and excellent mechanical properties due to its hash working 
conditions [1]. 
As shown in Figure 1-1, working conditions differ in the various stages of a gas turbine . 
Titanium is widely used for its high strength and low density at the lower temperature 
stages that have temperatures below 400 °C [2-4]. At higher temperature stages, 
nickel-based superalloys are still the preferred choice, although great effort has been 
made to replace nickel based alloys (density 8-8.5 g/cm3) by lower density (4-7 g/cm3) 
materials [5, 6].  
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Figure 1-1 A jet engine (Rolls-Royce Trent 800), showing different working stages: low 
pressure compressor (LPC), high pressure compressor (HPC), high pressure turbine 
(HPT), intermediate pressure turbine (IPT), low pressure turbine (LPT), and the 
pressure and temperature profiles along the engine (provided by Rolls-Royce). 
Nowadays, forging is widely used as the final operation for manufacturing turbine 
blades [7, 8]. Although casting techniques are used to produce single-crystal blades, 
there is evidence that cast single-crystal blades start to recrystallize due to the remaining 
residual stress after casting [9]. Conversely, the mechanical and chemical properties of 
forged blades can be closely monitored and controlled by forming procedure and heat 
treatment [10-12]. Due to the high strength of Titanium alloys at elevated forming 
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temperatures (T>0.6Tm), the forming process will result in significant tool wear that 
increases the manufacturing cost [13].  
 
Figure 1-2 Forming procedure of the turbine blade (data provided by Mike Williams). 
The typical process for forming IN718 gas turbine blades is shown in Figure 1-2. A 
glass coated slug, which is cut from long bar, is preheated to 1080 °C for 900 seconds 
before it is extruded. It is first extruded and then headed in separate dies with lubricant. 
After cooling to room temperature, the billet is shot-blasted and coated in glass again. 
Before forging [14], the preform is soaked at 1010 °C for 600 seconds. Finally, the work 
piece undergoes ageing [15]. The design of several forming stages aims at maximizing 
the material’s yield, thereby decreasing the forming force of the final forging stage [16, 
17]. However, in the preform extrusion process, the extrusion die sustains significant die 
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wear, compared to dies for other stages. The typical tool lifetime for performing is 80 
operations (provided by Rolls-Royce). The tool wear rate increases with the size of the 
blade. The short tool life is mainly due to the long contact time between the hot 
workpiece and cold/warm die, which increases the tool surface temperature significantly 
and thus the tool wear rate [10]. Therefore, one of the challenges in forging gas-turbine 
blades is to form the preforms efficiently. 
1.1.2 Electrical upsetting process 
Electrical upsetting is a kind of localised heading technology. It was used to 
manufacture a rod workpiece with a large head, such as an engine valve. A workpiece is 
heated up to certain temperature by applying current flow before heading process is 
conducted at one end of the rod. The electrical upsetting process can be realised with or 
without accurate computer control due to its simple operating principle [18, 19]. 
Qualities of final workpieces are affected by many parameters, i.e. forming temperature 
and forming speed. Coarse crystals appear at overheating conditions [20]. Material 
cracks if the forming temperature is too low or the forming velocity is too high, as 
shown in Figure 1-3 (a). Crooked and stepped contours, as shown in Figure 1-3 (b) and 
(c) respectively, are caused by unstable forming processes, including uneven 
temperature, unstable velocity and unsuitable forming length [21]. 
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Figure 1-3 Common defects of upsetting [18] 
1.1.3 Research with Gleeble thermomechanical simulator  
A Gleeble thermomechanical simulator is normally used to study material properties. A 
wide range of material data can be tested at different working conditions [22-29]. 
Except for standard material property experiments, a few researches were conducted 
with specialized designed rigs. At Imperial College, Shao developed a set of 
experimental instruments to obtain forming limit diagram of Aluminium alloys for 
solution heat treatment, forming and in-die quenching process [30]. Kertesz tried to 
produce simple Titanium alloy component by semi-solid forming in Gleeble [31].  
However, no complex preform forming experiments have been conducted on Gleeble 
thermomechanical simulators.  
1.2 Aims and Objectives 
To overcome the problems of tool wear in the extrusion process, a new Gleeble electric 
upsetting (GEU) technique has been proposed to produce turbine blade preforms. Since 
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the extrusion die experiences the most die wear compared with dies of other stages, this 
new preforming process aims to avoid the extrusion stage by using a relative long and 
thin bar to produce mushroom-shaped preforms for forging.  
The aim of this project is to design a set of GEU system to work in the Gleeble 3800 
Thermomechanical Simulator. In this process, a sharp decreasing temperature gradient 
should be created along the billet. Thus, the required regions are heated and the material 
flows can be controlled in the upsetting process. The target ratio between the diameter 
of a preform heading and the original diameter of the rod is 3. 
1.3 Structure of Lightweight Metallic Alloys Forming Part 
The research of lightweight metallic alloys forming consists of four chapters, which are 
as follows: 
CHAPTER 1 introduces project background, aims, and objectives of this research. 
CHAPTER 2 illustrates the designs of the GEU systems.  
CHAPTER 3 describes the temperature gradient tests which are conducted to measure 
temperature gradient along the sample and to design a set of reliable temperature control 
methods. 
CHAPTER 4 describes the experimental work conducted on the GEU system Design A 
and Design B. 
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CHAPTER 2 Design of Gleeble Electrical Upsetting System 
A set of novel Gleeble Electrical Upsetting process was devised to work in a Gleeble 
3800 Thermomechanical Simulator (referred as Gleeble in the following). As shown in 
Figure 2-1, the Gleeble is a computer controlled, hydraulically activated linear test 
machine with resistive test-piece heating and a sealed test chamber. It is used for 
temperature controlled tests, providing direct current to metal samples and controlling 
samples’ temperature by resistance heating. The Gleeble 3800 can provide 20 tons static 
force in compression and 10 tons static force in tension. It can heat or cool specimens at 
rates of up to 10,000 °C/second.  
 
Figure 2-1 A photograph of the main components of the Gleeble 3800 
Thermomechanical Simulator 
However, commercial rigs of the Gleeble can only be used to perform standard 
compressive or tensile tests. Therefore, in order to perform the upsetting process, the 
Gleeble Electric Upsetting (GEU) process is set up. The GEU system, which contains 
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the mechanical and electrical systems, can be assembled and operated in the test 
chamber of the Gleeble 3800 Thermomechanical Simulator. 
 
Figure 2-2 Test chamber of the Gleeble 3800 Thermomechanical Simulator 
The designed GEU system must be adjustable to the testing jaws in the test chamber. As 
shown in Figure 2-2, suitable rigs should be fixed to the testing jaws. In order to heat up 
a sample, the GEU system must allow current flows between the movable arm and the 
fixed arm through the jaws, rigs and an electric conductive sample. The maximum 
movable length between the two jaws in the Gleeble is 110 mm. The sample, as well as 
the GEU system, needs to be fixed on the jaws and worked within 110 mm. The Gleeble 
can record data for up to four pairs of thermocouples, which are wired or in contact with 
the sample, to measure the local temperatures. One pair of the thermocouples is used to 
control the electrical power input to heat up the sample. The sample is supposed to be 
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heated to a certain temperature first, and then be compressed and formed in a die. 
Therefore a safe current flow route and a reliable mechanism are essential to the GEU 
system design. 
Many sets of GEU system were designed, but only design A and Design B were 
manufactured. Design A is introduced in Section 2.1 and Design B is introduced in 
Section 2.2. Three other initial representative eliminated designs are briefly introduced 
in the Appendices.  
2.1 Gleeble Electrical Upsetting System Design A 
The Gleeble Electric Upsetting system Design A was designed and manufactured to 
realize the upsetting process. It is composed of mechanical and electrical components. It 
can be utilized in a Gleeble 3800 thermomechanical simulator for the forming of a 
mushroom-shaped component. The aimed heading ratio is three times of the billet’s 
original diameter. The GEU Process Design A test works in two successive stages: a 
heating stage followed by a forming (upsetting) stage.  
The design of GEU system Design A involves mechanical design and electrical design. 
Designs are described in detail as follows. 
2.1.1 Mechanical design 
As shown in Figure 2-3, the GEU system Design A consists of ten components, 
including a pushing rig (No. 1), electrical cables (No. 2), a pair of copper conductors 
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(No. 3), two ceramic plates (No. 4), a steel die cover (No. 5), a ceramic die (No. 6), an 
ISO-T anvil (No.7), a forming plate (No. 8), a fixed rig (No. 9) and a K-type 
thermocouple. The whole system can be assembled to the Gleeble 3800 jaws. The 
forming plate is bolted on the fixed rig, which is clamped by the Gleeble right fixed jaw. 
The ISO-T anvil is positioned in the centre of the forming plate by bolts. The ceramic 
die is covered and protected by the steel die cover, which is bolted on the forming plate. 
The billet (No. 10) runs through the ceramic plates and the ceramic die. It is clamped by 
the copper conductors with reasonable compressive force. The electrical cables 
connected the copper conductors to the pushing rig by bolts. The pushing rig is clamped 
by the Gleeble left moveable jaw. Graphite is applied to the billet surface to decrease 
friction. It is also applied to the contact surface between the copper conductors and the 
billet to both decrease friction and to create reliable current flow. A K-type 
thermocouple presses on the billet through the holes (No. 11) designed on the side of the 
ceramic die and the steel die cover.  
In the heating stage, the Gleeble provides direct current to heat the billet, which is 
detected by the K-type thermocouple, to the programmed temperature. In the GEU 
process, only the right part of the sample, which is between the copper conductor and 
the ISO-T anvil, is heated up.  
In the forming stage, the billet is pushed from the left end. The right end of the billet is 
then formed on the ISO-T anvil within the heading chamber of the ceramic die to 
 2–11  
 
achieve high upsetting ratios.  
 
Figure 2-3 Design of GEU system Design A: 1. Pushing rig, 2. Electrical cables, 3. 
Conductors, 4. Ceramic plates, 5. Steel die cover, 6. Ceramic die, 7. ISO-T anvil, 8. 
Forming plate, 9. Fixed rig, 10. Billet, 11. Through-hole for K-type thermocouple 
2.1.2 Electrical design 
During the heating stage, the current flows from the pushing rig to the copper 
conductors via thick electrical cables, then the current passes through the right region of 
the billet, the region between the copper conductors and anvil, made from Tungsten–
Carbide. Only the right end of the billet inside the ceramic die is heated by resistance 
heating, which is protected by a ceramic die and a steel cover. A through hole with 2 
mm diameter is drilled on the side walls of the ceramic die and the steel cover. This 
allows a K-type thermocouple to be attached onto the billet to monitor the temperature 
evolution during the heating and forming stages. Ceramic plates are used between the 
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copper conductors and the steel cover to isolate the metal components.  
A sharp temperature decreasing gradient is built along the sample. Although the left part 
of the metallic bar and the electrical cables are in parallel connection, the electrical 
resistance of the electrical cables is much lower than that of the billet. The left part of 
the sample is not heated up by resistance heating. Their strength remains high in both 
the heating and the forming stage. Meanwhile, the GEU system is designed to form 
Titanium alloy preforms as well. For safety reasons, although the Titanium alloy billets 
are heated up to 1000 °C in the GEU process, the temperature of the electrical cables are 
designed to remain below 100 °C during tests. Copper electrical cable is chosen for the 
Design A for its low electrical resistivity. Based on general electrical design calculations 
shown in Appendix 1, the minimum cross-sectional area of total copper electrical cables 
is 40.19 mm2. 
2.1.3 Components Design  
Based on the mechanical and electrical design requirements described previously, the 
necessary components were designed and manufactured with suitable materials and 
geometry. Detailed engineering drawings are shown in Appendix 2. 
As shown in Figure 2-4 (1), the copper rig is designed to be perfectly adjustable to the 
relative Gleeble pushing jaw. During the tests, it applies a compressive force to a 
sample. Electrical cables are installed on the copper rig by screw bolts. 
 2–13  
 
The H01N2-D Welding Cable, as shown in Figure 2-4 (2), is supplied by HAR 
Company. It can transmit high current. The working temperature ranges from -25°C to 
+85°C. Its minimum bending radius is 153.6mm. Each cable consists of 1100 copper 
wires with diameters of 0.21mm. Therefore the effective cross-sectional area of a cable 
is approximately 38 mm2. For safety reasons, four electrical cables are utilized in 
parallel connections. The total dimension of the cross-sectional area of the four parallel 
cables is 152 mm2, which was approximately four times of the Designed A’s minimum 
requirement (40.19 mm2). The cables are assembled to the copper conductors by screw 
bolts. 
As shown in Figure 2-4 (3), two symmetry copper conductors are used in pairs. They 
can apply reasonable preload to the sample by adjusting the bolts and nuts. 
All ceramic components, as shown in Figure 2-4 (4) and Figure 2-4 (5), are made of 
MACOR machinable glass ceramic supplied by CSC Company. This ceramic is 
machinable with ordinary metalworking tools. Researchers can improve or change the 
die shape by machining the ceramic components. The ceramic die is positioned inside 
the steel die cover and is used to form the sample to the desired shape (18mm in 
diameter, 5mm in depth). A through hole with 2 mm diameter is on the side face of the 
die. It allows K-type thermocouple to contact the sample, sensing the temperature 
change.  
As shown in Figure 2-4 (4), the ceramic plates are used to isolate the current from the 
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copper conductors to the steel die cover directly. It guarantees the current only passes 
through the right part of the sample, instead of the steel die cover and steel forming 
plate. 
As shown in Figure 2-4 (5), the steel die cover made of P20 is designed to protect the 
ceramic die from carrying tensile loads. The steel die is installed to the forming plate by 
screw bolts. 
As shown in Figure 2-4 (7) and (8), the P20 tool steel forming plate locates the ISO-T 
anvil in the centre of the system. It carries the ceramic die, the steel die cover and the 
metal sample. The forming plate is assembled to both the fixed rig and the steel die 
cover by screw bolts. The sample contacts with the front surface of the ISO-T anvil, 
made of Tungsten-Carbide, and is heated and formed on it. The ISO-T anvil is a 
standard component provided by DSI, the manufacturer of the Gleeble 3800. 
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Figure 2-4 Components of the GEU system Design A: (1) Pushing rig, (2) Electrical 
cable with terminals, (3) Conductors, (4) Ceramic plates, (5) Steel die cover, (6) 
Ceramic die, (7) ISO-T anvil, (8) Forming plate 
(1) Pushing rig (2) Electrical cable with terminals 
  
(3) Conductors (4) Ceramic plates 
  
(5) Steel die cover (6) Ceramic die 
 
 
  
(7) ISO-T anvil (8) Forming plate 
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2.2 Gleeble Electrical Upsetting System Design B 
The Gleeble Electric Upsetting system Design B is developed based on the GEU system 
Design B. The GEU system is composed of ten mechanical and electrical components, 
and it can also be utilized in a Gleeble 3800 thermomechanical simulator for the 
forming of a mushroom-shaped component. The aimed heading ratio is three times of a 
billet’s original diameter. The GEU process Design B works in two successive stages: a 
heating stage followed by a forming (upsetting) stage. The design of the GEU system 
Design B involves mechanical design and electrical design. Designs are described in 
detail as follows.  
2.2.1 Mechanical design 
As shown in Figure 2-5, the GEU system Design B consists of ten components, 
including a copper rig (No. 1), a pushing bar (No. 2), a copper tungsten tube (No. 3), a 
polymer ring (No. 4), a steel die cover (No. 5), a ceramic die (No. 6), an ISO-T anvil 
(No.7), a forming plate (No. 8), a fixed rig (No. 9) and a K-type thermocouple. Detailed 
engineering drawing is shown in Appendix 3. The whole system can be assembled to 
the Gleeble 3800 jaws. The forming plate is bolted on the fixed rig, which is clamped by 
the Gleeble right fixed jaw. The ISO-T anvil is positioned in the centre of the forming 
plate by bolts. The ceramic die is covered and protected by the steel die cover which is 
bolted on the forming plate. The billet (No. 10) is placed inside the ceramic die and the 
copper tungsten tube which is isolated from the steel die cover by two polymer rings. 
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The copper tungsten tube can slide inside the copper rig. The copper rig is clamped by 
the Gleeble left moveable jaw. The pushing bar can be pushed into the copper tungsten 
tube by the Gleeble moveable jaw. Graphite is applied to the billet surface to decrease 
friction. It is also applied to the contact surface between metal components (specifically, 
the copper tungsten tube and the billet, the copper rig and the copper tungsten tube) to 
both decrease friction and to create reliable current path. A K-type thermocouple presses 
on the billet through the holes (No. 11) designed on the side of the ceramic die and the 
steel die cover. 
 
Figure 2-5 Design of the GEU system Design B: 1. Copper rig, 2. Pushing bar, 3. 
Copper tungsten tube, 4. Polymer rings, 5. Steel die cover, 6. Ceramic die, 7. ISO-T 
anvil, 8. Forming plate, 9. Fixed rig, 10. Billet, 11. Through-hole for K-type 
thermocouple 
In the heating stage, the Gleeble provides direct current to heat the billet, which is 
detected by the K-type thermocouple, to programmed temperature. In the GEU process, 
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only the right part of the sample, which is between the copper conductor and the ISO-T 
anvil, is heated up.  
In the forming stage, the pushing bar and the copper rig are pushed rightward together 
by the Gleeble jaw. The copper tungsten tube slides into the copper rig and keep in 
contact. The billet is pushed from the left end by the pushing bar. The copper tungsten 
tube provides support to the billet in the radial direction. The right end of the billet is 
then formed on the ISO-T anvil within the heading chamber of the ceramic die to 
achieve high upsetting ratios. 
2.2.2 Electrical design 
In the heating stage, the current first flows from the copper rig to the copper tungsten 
tube, through the interface. Then the current passes through the right region of the billet, 
the region between the copper tungsten tube and the ISO-T anvil, made from Tungsten–
Carbide. Only the right end of the billet inside the ceramic die is heated by resistance 
heating, which is protected by the ceramic die and the steel cover. A through hole with 2 
mm diameter is drilled on the side walls of the ceramic die and the steel cover. This 
allows a K-type thermocouple to be attached onto the billet to monitor the temperature 
evolution during the heating and forming stages. Polymer rings are used between the 
copper tungsten tube and the steel cover to isolate the metal components.  
A sharp decreasing temperature gradient is formed along the billet from right to left. 
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Although the left part of the metallic bar and copper tungsten tube, as well as the 
pushing bar and the copper tungsten tube, are in parallel connection, the electrical 
resistance of the copper tungsten is much lower than that of the billet and the pushing 
bar. The pushing bar and the left part of the sample are not heated up by resistance 
heating. Their strength remains high in the heating and the forming stage. Copper 
tungsten is utilized as the tube material for its low current resistivity and high strength at 
high temperature. Because copper tungsten and copper have similar electrical resistivity 
and specific heat capacity. The general electrical design calculations for the GEU 
system Design A (shown in Appendix 1) also help define the minimum cross-sectional 
area of the copper tungsten tube in the GEU system Design B.  
2.2.3 Components Design  
Based on the mechanical and electrical design requirements described previously, 
necessary components were designed and manufactured with suitable materials and 
geometry. Detailed engineering drawings are shown in Appendix 3. The GEU system 
Design B has six identical components with Design A. These identical components are 
the fixed rig, the ISO-T anvil, the forming plate, the steel die cover, the K-type 
thermocouple and the ceramic die. These components design are described in Section 
2.1.3. The specific components for the GEU system Design B are introduced below. 
As shown in Figure 2-6 (1), the copper rig is designed to be perfectly adjustable to the 
Gleeble pushing jaw. During the tests, the copper rig moves rightward and covers the 
 2–20  
 
copper tungsten tube. The diameter of the hole in the copper rig is the same as the outer 
diameter of the copper tungsten tube, but with different tolerance. 
As shown in Figure 2-6 (2), the pushing bar is made of P20 steel. During the forming 
stage, it is pushed inside the copper tungsten tube to compress the sample.  
As shown in Figure 2-6 (3), copper tungsten is utilized as the tube material because of 
its low electrical resistivity and high strength at high temperature. The geometry is 
designed to transfer large currents. The tube can provide radial direction support to both 
billet and the pushing bar during the forming process.  
(1) Copper rig (2) Pushing bar 
  
 
(3) Copper tungsten tube with polymer rings 
     
Figure 2-6 Specific components of the GEU system Design B: (1) Pushing rig, (2) 
Pushing bar, (3) Copper tungsten conductors and polymer rings 
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CHAPTER 3 Temperature Gradient Control in Gleeble 
Electrical Upsetting System 
3.1 Introduction 
In this chapter, a series of experiments were designed to test the temperature gradient 
control reliability of the GEU system. First, the effects of thermocouple control 
positions on the temperature gradient control reliability were studied. Then, the effects 
of heating rates on the temperature gradient control reliability were examined. Lastly, 
the effects of graphite foils on the temperature gradient control reliability were studied. 
For each set of tests, different experimental conditions were applied. A set of accurate 
temperature gradient controlling methods was developed based on the test results. The 
experiment results also showed that this set of controlling method could provide 
accurate temperature control in different working conditions. Meanwhile, a sharp 
decreasing temperature gradient was successfully built along the testing billet as 
expected. 
3.2 Experiment Design 
3.2.1 Materials 
Aluminium alloy (AA2011) rods with T3 temper were used as test billets. They had a 
diameter of 6 mm and a length of 105 mm. The samples were tested in the temperature 
gradient control experiments. The materials were purchased from Speedal Company. 
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The material properties are shown in Table 3-1. 
Table 3-1 Material properties of AA2011 T3 
Material Properties Value 
Density (g/cm3) 2.82 
Melting point (°C) 540 
Electrical resistivity (× 10-8 Ωm) 4.5 
Specific heat capacity (×103 J · (kg · K)-1) 0.86  
Young’s modulus (GPa) 70 
Thermal Conductivity (W · (m · K)-1) 150 
 
3.2.2 Experiment setup 
The temperature gradient tests were conducted to determine the temperature distribution 
within the heated billet and to identify the optimal temperature control method to 
achieve stable temperature profiles within the heated region. The instruments were 
assembled as shown in Figure 3-1. The AA2011 billet (No. 8) was clamped by the 
pushing rig (No. 1) and the ISO-T anvil (No. 5) with a preload of 0.1 kN. Graphite foils, 
with a single layer thickness of 0.5 mm, were placed between the sample and the anvil. 
The electrical cables (No. 2) connected the pushing rig with the copper conductors (No. 
3) which clamped on the billet at 40 mm distance from the right end. As shown in 
Figure 3-2, four pairs of thermocouples (No. III) were welded on a billet (No. I) at the 
distance of 5, 10, 20 and 40 mm from the right end, denoted by TC1, TC2, TC3 and 
TC4 respectively. 5 mm is the depth of the forming die. 10 mm is the minimum length 
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to attach a K type thermocouple. 20 mm is half of the total die length. 40 mm is the 
length of the total die length.  The temperature data were captured by the Gleeble via 
the thermocouples. In each test, only one specific pair of the thermocouples was used as 
the control thermocouple, while the other three pairs were used to record local 
temperature. The Gleeble machine adjusted current input based on the temperature 
detected by the control thermocouple.  
 
Figure 3-1 Picture of the setup of temperature gradient control tests: 1. Pushing rig, 2. 
Electrical cables, 3. Conductors, 4. Welded thermocouples, 5. ISO-T anvil, 6. Gleeble 
forming plate, 7. Fixed rig, 8. Billet  
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Figure 3-2 Temperature gradient tests setup diagram, I, Aluminium alloy rod, II, Copper 
conductors, III, Thermocouples, IV, ISO-T anvil. 
3.3 Experimental Plan 
Three sets of temperature gradient control tests were conducted. The first set was to 
study the effects of thermocouple control positions on the temperature gradient control 
reliability. The second set was to study the effects of the heating rates on the 
temperature control reliability. The third set was to examine the effects of the graphite 
foil on the temperature control reliability. 
3.3.1 Set one: effect of thermocouple control positions 
The first set of tests was intended to determine the most suitable and stable position to 
attach a K-type thermocouple to a heating sample. It provides guidance to the ceramic 
die and the steel die cover design as well. The die is 5mm in depth and the steel die has 
an outer length of 40 mm, therefore a thermocouple could be attached to the sample 
between 5 - 40 mm distances from the right top side, where a sample is supposed to be 
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heated up. Four tests were conducted in this set of experiments. In each test, one 
different pair of thermocouples was used as the control thermocouple, while the other 
three pairs were used to record local temperature. No graphite foil was used in the tests. 
A heating rate of 10 °C/s was utilized in all tests. Samples were programmed to heat up 
to and soak at 400 °C at the control position. The tests plan is shown in Table 3-2. 
Table 3-2 Test plan for the study of effects of thermocouple control positions on the 
temperature control reliability 
Test No. 
Control 
thermocouple 
distance to the 
heating end (mm) 
Heating rate (°C/s) 
Thickness of 
graphite foil (mm) 
TG1 5 (TC1) 10 0 
TG2 10 (TC2) 10 0 
TG3 20 (TC3) 10 0 
TG4 40 (TC4) 10 0 
 
3.3.2 Set two: effect of heating rates  
The second set of tests was intended to determine the effects of heating rates on the 
temperature control reliability of the system at a certain position on the billet with the 
same number of graphite foils. Based on the test results from the experiments of control 
thermocouple positions (shown in Section 3.4.1), three tests were conducted in this set 
of experiments. In all tests, the TC2 thermocouples, which were 10 mm away from right 
end, were used as the control thermocouple, while the other three pairs of 
thermocouples were used to record local temperature. Samples were programmed to be 
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heated up to 400 °C at the control position. A single layer graphite foil (0.5mm thick) 
was used in the tests. Heating rates ranged from 5 °C/s to 20 °C/s were used in the tests, 
covering possible heating rates in the Gleeble upsetting experiments. The tests plan is 
shown in Table 3-3. 
Table 3-3 Test plan for the study of effects of heating rates on the temperature control 
reliability 
Test No. 
Control 
thermocouple 
distance to the 
heating end (mm) 
Heating rate (°C/s) 
Thickness of 
graphite foil (mm) 
TG5 10 (TC2) 5 0.5 
TG6 10 (TC2) 10 0.5 
TG7 10 (TC2) 20 0.5 
 
3.3.3 Set three: effect of graphite foils 
The third set of tests was intended to determine the effects of the graphite foil thickness 
influenced the temperature control reliability of the system at a given position on the 
billet. Based on the test results from the experiments of control thermocouple positions 
(shown in Section 3.4.1), four tests were conducted in this set of experiments. In all 
tests, the TC2 thermocouples, which was 10 mm away from the anvil, was used as the 
control thermocouple, while the other three pairs of thermocouples were used to record 
local temperature. Samples were programmed to be heated up to 400 °C at the control 
position. Heating rates range from 5 °C/s to 10 °C/s were utilized in the tests. Different 
thickness of graphite foils, ranging from 0 to 1 mm were used in the experiments. The 
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test plan is shown in Table 3-4. 
Table 3-4 Test plan for the study of effects of graphite foil on the temperature control 
reliability 
Test No. 
Control 
thermocouple 
distance to the 
heating end (mm) 
Heating rate (°C/s) 
Thickness of 
graphite foil (mm) 
TG2 10 (TC2) 10 0 
TG6 10 (TC2) 10 0.5 
TG5 10 (TC2) 5 0.5 
TG8 10 (TC2) 5 1 
 
3.4 Results and Discussion 
The results of three sets of temperature gradient control tests are compared and 
discussed in this section. 
3.4.1 Set one: effect of thermocouple control positions 
Figure 3-3 shows the results of the GEU system temperature gradient control tests with 
different thermocouple control positions, with a heating rate of 10 °C/s until the 
temperature reached 400 °C without graphite foils. As expected, the temperature 
distribution within the billet was non-uniform at different thermocouple control 
positions, with temperature gradients up to 232⁰C (Figure 3-3 (TG1)). The temperature 
dramatically decreased along the rod, from the right end to the copper conductor. The 
sharp decreasing temperature gradient will be beneficial for achieving larger upsetting 
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ratios, because of the higher strength of the billet in the left region than that of the 
forming region.  
 
Figure 3-3 Results of the GEU system temperature gradient control tests with different 
thermocouple control positions, with a heating rate of 10 °C/s to 400 °C, without 
graphite foil. The PTemp represents the programmed temperature. The PowAngle 
represents the power input from the Gleeble. (TG1) Controlled by thermocouple TC1 
attached at a distance of 5 mm from the right end, (TG2) controlled by TC2 at 10 mm, 
(TG3) controlled by TC3 at 20 mm, (TG4) controlled by TC4 at 40 mm.  
The temperature profiles generated by using the control points at TC1 (Figure 3-3 
(TG1)) and TC2 (Figure 3-3 (TG2)) were stable. However, the temperature profiles 
generated from control points at TC3 (Figure 3-3 (TG3)) and TC4 (Figure 3-3 (TG4)) 
fluctuated during the heating and soaking process, indicating that the response of the 
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temperature control system at distance greater than 20 mm from anvil is not reliable, 
especially at the distance of 40 mm (Figure 3-3 (TG4)). Therefore, the effective 
temperature control position of the GEU system should be within 20 mm from the anvil 
and as such, position TC2 (10 mm) was selected as the control point in all the GEU 
tests. 
3.4.2 Set two: effect of heating rates 
Figure 3-4 shows the results of the GEU system temperature gradient control tests with 
different heating rates to heat the TC2 control point to 400 °C, with a 0.5 mm thick 
graphite foil. With different heating rates, the temperature distributions within the billets 
were all non-uniform. The temperature dramatically decreased along the rod, from the 
right end to the copper conductor. As shown in Figure 3-4 (TG5) and Figure 3-4 (TG7), 
in test TG7 with a 20°C/s heating rate, the peak temperature captured by TC1 was 
430°C, which was higher than that in test TG5 with a 5°C/s heating rate. After reaching 
programmed peak point, the temperature captured by TC1 became stable rapidly in all 
tests. However, when TC2 peaked at 400 °C, TC4 was around 170 °C, 160°C, and 150 
°C in tests TG5, TG6 and TG7 respectfully. A larger amount of heat was generated by 
the ISO-T anvil and transferred to the metal billet. More heat will be transferred to the 
left cold part of the sample when more time is spent on the heating and forming 
processes. 
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Figure 3-4 Results of the GEU system temperature gradient control tests with different 
heating rates, heated to 400 °C, with TC2 control and a 0.5 mm thick graphite foil. The 
PTemp represents the programmed temperature. The PowAngle represents the power 
input from the Gleeble. (TG5) with a heating rate of 5 °C/s. (TG6) with a heating rate of 
10 °C/s. (TG7) with a heating rate of 20 °C/s. 
3.4.3 Set three: effect of graphite foils 
Figure 3-5 shows the results of the GEU system temperature gradient control tests with 
different graphite foil thickness. The samples were heated up to 400 °C with TC2 
control. The temperature distributions within the billets were still non-uniform. The 
temperature decreased dramatically along the rod, from the right end to the copper 
conductor. As shown in Figure 3-5 (TG2) and Figure 3-5 (TG6), with the same heating 
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rate of 10°C/s at TC2, the temperature captured by TC1 increased faster and peaked at a 
higher temperature in test TG6 than that in test TG2, indicating that more heat was 
transferred into sample TG6. The temperature at TC2 was influenced by both resistance 
heating and heat transfer. A lager amount of heat was transferred into TC2 than into 
TG6 by the graphite foil, in order to follow the programme heating rate and the peak 
temperature, the current in TG6 was smaller than that in TG2. At the far side (where 
TC4 was wielded), resistance heating played a dominate role while heat transfer was not 
significant in the low heating rate tests, the temperature was lower in TG6 due to 
smaller current flow. When TC2 peaked at 400 °C, TC4 was around 180 °C in TG2 
compared to 160°C in TG6. This indicated that in the low heating rate tests, heat 
transfer influenced the temperature at the top part of the sample more than the far side 
of the sample.  
Figure 3-5 (TG5) and Figure 3-5 (TG8) shows that, in TG5 and TG8, temperature trends 
detected by all thermocouples were similar in heating and soaking stages. This indicated 
that the effective thickness of graphite foils were similar in both tests under the 0.1 kN 
preload. With one layer of 0.5 mm thick graphite foil, heat could be transfered 
effectively from the ISO-T anvil to the sample. 
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Figure 3-5 Results of the GEU system temperature gradient control tests with different 
graphite thickness, heated up to 400 °C with TC2 control. The PTemp represents the 
programmed temperature. The PowAngle represents the power input from the Gleeble. 
(TG2) with no graphite foil and a heating rate of 10 °C/s. (TG6) with 0.5 mm thick 
graphite foil and a heating rate of 10 °C/s. (TG5) with 0.5 mm thick graphite foil and a 
heating rate of 5 °C/s. (TG8) with 1 mm thick graphite foil and a heating rate of 5 °C/s. 
3.5 Conclusions 
The Gleeble temperature gradient control experiments confirmed that a sharp 
decreasing temperature gradient could be built in the metallic billet along its 
longitudinal direction. A set of temperature gradient control method has been 
established. This set of control method can realise accurate and reliable temperature 
control. The following conclusions are drawn: 
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(1) Stable temperature control length should be within 20 mm from the heating end. 
TC2 position, which was 10 mm from the top, was chosen as the control 
position in the following tests. Based on this conclusion, through holes were 
designed on the ceramic die and steel die cover. 
(2) The TC2 control proved its effectiveness under different heating rate. High 
heating rates are favourable to achieve sharper temperature gradients. However, 
it also resulted in higher temporary peak temperatures at the billet-anvil 
interface. 
(3) Graphite foils played an important role in the heat transfer process between the 
anvil and the billet. It helped achieve sharper temperature gradients. After 
introducing a preload, the heat transfer abilities of one or two layers of graphite 
foils were similar.     
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CHAPTER 4 Gleeble Electrical Upsetting Process 
4.1 Introduction 
In this chapter, a series of experiments were designed to test the reliability and work 
performance of the GEU system Design A and Design B. Different forming conditions 
were applied to study important forming parameters of the systems. Results of eleven 
representative experiments were discussed in this chapter. The experimental results 
show that the Gleeble electrical systems could successfully obtain sharp decreasing 
temperature gradients along the forming billet and realise the GEU process. The GEU 
system Design B was found to be more stable than the GEU system Design A. Three 
key forming parameters played important roles in the electrical upsetting process. These 
parameters are heating rate, forming temperature and forming speed. More tests have 
been conducted to study the parameter boundaries of the GEU system. A processing 
window was devised to determine the transition between success and failure of the GEU 
tests. 
4.2 Experiment Design 
4.2.1 Materials 
In the present research, the Aluminium alloy (AA2011) rods with T3 temper were used 
as the billets. The rods were 6 mm in diameter. The GEU system Design A worked with 
105mm long billets, while the GEU system Design B worked with 80 mm long billets. 
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They were purchased from Speedal Company. The material properties are shown in 
Table 3-1. 
4.2.2 Experiment setup 
4.2.2.1 Setup for GEU system Design A 
 
Figure 4-1 Picture of the GEU system Design A setup: 1. Pushing rig, 2. Electrical 
cables, 3. Conductors, 4. Ceramic plates, 5. Steel die cover, 6. Ceramic die (inside the 
steel die cover), 7. ISO-T anvil (inside the forming plate), 8. Forming plate, 9. Fixed rig, 
10. Billet, 11. K-type thermocouple 
The GEU system Design A was utilized in this set of tests. According to the detailed 
system design in Section 2.1, the instruments were assembled in the Gleeble chamber as 
shown in Figure 4-1. A 105 mm long AA2011 rod was clamped by the pushing rig and 
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the ISO-T anvil with a preload of 0.1 kN. A K-type thermocouple (No. 11) was utilised 
and pressed to the billet through the holes on the steel die cover and the ceramic die. 
One layer of graphite foil with a thickness of 0.5 mm was placed between the sample 
and the ISO-T anvil. In the GEU tests, the current flow started from the pushing rig and 
went through the electrical cable, the copper conductors, the billet, the ISO-T anvil and 
the fixed rig. When the temperature of the billet rose to the target value, the pushing rig 
started to move and compress the billet into a mushroom shape. 
4.2.2.2 Setup for GEU system Design B 
The GEU system Design B was also utilized in this set of tests. According to the 
detailed system design in Section 2.2, the instruments were assembled in the Gleeble 
chamber as shown in Figure 4-2. An 80 mm long AA2011 rod was clamped by the 
pushing bar and the ISO-T anvil with a preload of 0.1 kN in the copper tungsten tube. A 
K-type thermocouple (No. 11) was utilised and pressed to the billet through the holes on 
the steel die cover and the ceramic die. One layer of graphite foil with a thickness of 0.5 
mm was placed between the sample and the ISO-T anvil. In the GEU tests, the current 
flow started from the copper rig, and went through the copper tungsten tube, the billet, 
the ISO-T anvil and the fixed rig. When the temperature of the billet rises to the target 
value, the pushing rig starts to move and compress the billet into a mushroom shape. 
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Figure 4-2 Picture of the GEU system Design B setup: 1. Copper rig, 2. Pushing bar, 3. 
Copper tungsten tube, 4. Polymer rings, 5. Steel die cover, 6. Ceramic die, 7. ISO-T 
anvil, 8. Forming plate, 9. Fixed rig, 10. Billet, 11. K-type thermocouple 
4.2.3 Experimental plan 
The six tests that were conducted in the GEU system Design A and the five tests that 
were conducted in the GEU system Design B are described in the following section. As 
shown in Table 4-1, the tests conducted on the GEU system Design A were denoted as 
the A series, e.g. A1 and A2. The tests conducted on the GEU system Design B were 
denoted as the B series, e.g. B1 and B2. Different processing parameters were applied in 
different tests to determine the optimum and boundary forming conditions. The heating 
rates ranged from 5 °C/s to 35 °C/s. The forming temperatures ranged from 250 °C to 
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450 °C, and the compressive forming speed ranged from 0.1 mm/s to 2 mm/s. Different 
programmed compression lengths were also applied to study the behaviour of the 
deformation process. The experiment was shut off immediately if the sample buckled. 
Table 4-1 shows the GEU system tests described in this section. The Gleeble 3800 
recorded the temperature changes, compressive feeding length and compressive loading 
throughout the GEU process. 
Table 4-1 Test parameters of the GEU process 
Test 
No. 
Heating rate 
(°C/s) 
Forming 
temperature (°C) 
Compressive 
forming speed 
(mm/s) 
Programmed 
compression length 
(mm) 
A1 5 400 0.1 20 
A2 5 450 0.1 20 
A3 10 400 1 20 
A4 10 400 1 30 
A5 10 350 1 30 
A6 20 370 0.5 30 
B1 10 300 1 40 
B2 30 300 1 40 
B3 35 350 1 40 
B4 30 300 2 40 
B5 30 250 2 40 
 
The test were designed into three groups to study the important parameters of the GEU 
processes, as shown in Table 4-2. The important parameters were heating rate, 
temperature and forming speed. A1, A2, A3 and B1 and B2 were designed to the heating 
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rate limit. A3, A4, A5 and B2, B3 were designed to study suitable forming temperate. 
A5, A6 and B2, B4, B5 were designed to study forming speed. The detailed effects of 
parameters are discussed in the following section. 
Table 4-2 Comparison plan for the GEU processes test results 
 GEU system Design A GEU system Design B 
Heating rate A1 and A2 vs A3 B1 vs B2 
Temperature A3 vs A4 vs A5 B2 vs B3 
Forming speed A5 vs A6 B2 vs B4 and B5 
 
After the GEU process, three other post-test measurements have been taken on a sample 
to evaluate its quality. These measurements were buckling evaluation, the length of 
expanded zone (h) and the diameter of enlarged heading (D). As shown in Figure 4-3, 
the heading a billet would grow from the original diameter (d) to the enlarged diameter 
(D). The GEU process also formed an expanded zone on the billet. This expanded zone 
was caused by compression. The colour of this part was darker than the rest of the part, 
due to friction with the ceramic die, graphite lubricant was pressed into the surface 
clearance of the expanded billet. 
Parameters 
Designs 
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Figure 4-3 Measurements of a formed billet, d represents the original diameter of the 
billet, D represents the enlarged diameter of the heading, h represents the length of the 
expanded zone. (a) sketch of a formed billet, (b) picture of a formed billet 
4.3 Results 
The Gleeble electrical upsetting tests were conducted on the GEU system Design A and 
Design B. Figure 4-4 (a) and Figure 4-4 (b) show pictures of the start and end stages of 
the GEU process Design A and the Design B respectively. Figure 4-5 and Figure 4-6 
show the pictures of the formed samples in the GEU system Design A and the GEU 
system Design B respectively. A maximum heading diameter of 18 mm, which was 3 
times of the billet’s original diameter (6 mm), was successfully achieved. The key 
experiment results of the GEU tests are shown in Table 4-3 with the forming parameters 
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for more direct comparison. The results in the table include the buckling evaluation, 
compressive feeding length, length of expanded zone, diameter of enlarged heading and 
the maximum compressive force until the end of a test. Parameters resulting in test 
failures were marked by slashes and were discussed in Section 4.4. 
 
Figure 4-4 Pictures of the start and end stages of the GEU processes: (a) GEU system 
Design A, (b) GEU system Design B 
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Table 4-3 Test parameters and results of the GEU processes 
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Test 
No. 
Side view Top view 
A1 
 
 
A2 
  
A3 
  
A4 
  
A5 
  
A6 
  
Figure 4-5 Sample pictures of the GEU process Design A 
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Test 
No. 
Side view Top view 
B1 
  
B2 
  
B3 
  
B4 
  
B5 
  
Figure 4-6 Sample pictures of the GEU process Design B 
4.4 Discussion 
In general, both the GEU process Design A and the GEU process Design B realised 
accurate temperature control. A sharp decreasing temperature gradient was built along 
the billet. Due to the protection from the copper tungsten tube, there was no buckling 
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problem in the B series tests. While Design A required more accurate parameters control 
to avoid sample buckling. In terms of avoiding buckling, the GEU process Design B 
showed much more reliability than the GEU process Design A. 
4.4.1 Effect of heating rate 
4.4.1.1 GEU Process Design A 
Tests A1 and A2 were conducted at a low heating rate of 5 °C/s. Sample A1 showed no 
obvious deformation at the right end (shown in Figure 4-5), and premature buckling 
took place in the left region. This was due to the slow heating process that led to 
significant heat transfer within the billet, and resulted in a longer region of high 
temperature and lower strength at the left end of the billet. In addition, excessive 
thermal expansion of the billet took place, which increased the friction force at the 
Al/ceramic interface, and impeded the flow of material in the ceramic die. Therefore, 
the long heating zone (34.6 mm) resulted in large compressive force and thus premature 
buckling took place at a very short effective pushing length.  
In test A2, although the increased forming temperature made the material sufficiently 
soft for forming, the top head part of the workpiece melted, as seen in Figure 4-5. Large 
amount of heat was transferred to the billet due to the low heating rate and the long 
heating time. This resulted in large thermal expansion and friction. The excessive 
compression force, as a result of friction force, caused premature buckling in test A2.  
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In test A3, when the heating rate was increased to 10゜C/s, the heating time was 40 s 
compared to 80 s in A2. Even with a higher forming speed, which requires larger 
deformation force and compression force, the forming process ran smoothly. In test A3, 
which has a planned pushing distance of 20 mm, the diameter of the top part was 
increased to 12.5 mm after upsetting. The cap diameter was more than doubled 
compared to the original diameter of the rod. 
Based on the above discussion, the heating rate should be higher than 10゜C/s. 
4.4.1.2 GEU Process Design B 
Test B1 and test B2 successfully achieved the target heading ratio. The diameter of 
headings both achieved 18 mm. As shown in Figure 4-6, the samples did not melt or 
buckle. However, the length of expanded zone was longer in B1 (29.9 mm) than in B2 
(26.2 mm). The high heating rate in test B2 resulted in sharper temperature gradient. 
The local temperature, which was at a further part of the billet than the thermocouple 
control point to the anvil, was lower than that in B1. In test B1, a larger amount of heat 
was transferred from the ISO-T anvil through the interface to the left part of the sample 
due to longer heating time and caused more severe sample thermo-expansion and 
strength reduction. This resulted in a longer expanded zone, which caused larger friction 
during the forming process. Therefore the peak forming load in B1 (13.5 kN) was 
higher than that in B2 (12.2kN). 
 4–47  
 
Therefore, the ideal heating rate should be higher than 10゜C/s. For design and safety 
reasons, the maximum heating rate was set as 30゜C/s. 
4.4.2 Effect of forming temperature 
4.4.2.1 GEU Process Design A 
In tests A3, A4 and A5, the heating rate was increased to 10゜C/s, as shown in Figure 
4-3. The forming process went smoothly. The only difference between test A3 and test 
A4 was the feeding length. In Test 4, the billet melted as shown in Figure 4-5. This was 
caused by the excessive heat generated during the compression process, indicating that 
the forming temperature was too high. During the forming process, the cross-sectional 
area of the heading was enlarged. Therefore both the current intensity and the resistance 
heat decreased. However, the increment of the deformation heat outweighed the 
reduction of the resistance heating. The local temperature rose rapidly up to the melting 
point of AA2011 (540゜C).  
After reducing the forming temperature in Test A5 (even though the sample buckled 
after 25 mm of feeding) the top heading remained intact. The maximum diameter of the 
formed part was 17.5 mm, 2.9 times of its original diameter (the aim was 3 times). A 27 
mm long expanded zone was observed in Figure 4-5, indicating that the lower forming 
temperate resulted in larger forming force at the heading area. The larger forming force 
then caused larger deformation in the expanded zone and larger friction force. Since, the 
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compressive force is equal to the sum of deformation force and the friction force, the 
larger compressive force then caused the sample to buckle. The radial direction force 
generated by the copper conductors and electrical cables also contributed to the billet 
buckling. The reason for the buckling of the sample in test A5 at a higher force of 9.4 
kN than in the test A1 and A2 was that the length of left support-free part of the billet 
was relatively smaller in test A5 after 25 mm’s feeding, therefore it requires a larger 
force to buckle. 
4.4.2.2 GEU Process Design B 
Test B2 and test B3 were conducted with the same parameters except for the forming 
temperature. As shown in Figure 4-6, sample B3 was slightly melted around the edge, 
but remained intact inside. This indicated that the temperature of the heading was too 
high before the forming stage (350°C at the control point, higher at the top part). After 
entering the forming stage, heat generated by the billet deformation increased the 
temperature to the melting point of the sample. Therefore the material melted in the 
early stage of the deformation process. While the cross-sectional area of the heading 
grew, the current in the heading part decreased significantly. As new billet material with 
lower temperature (350 °C) was feed into the die, the heading temperature dropped 
below the melting point. The following process was still solid deformation. However, 
the higher forming temperature and the larger heat transfer in B3 resulted in a longer 
part of the billet being heated. Hence a longer expanded zone was formed, which 
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resulted in higher friction force and higher peak compression force in B3 (13.9 kN) than 
in test B1 (12.2 kN), 
Therefore, the maximum forming temperature at the control point should not exceed 
350 °C. 
4.4.3 Effect of forming speed 
4.4.3.1 GEU Process Design A 
By comparing the test results of A5 and A6, the effects of the compressive forming 
speed were studied. The forming temperature in test A6 and test A5 were the same. The 
heating rate in test A6 was two times greater than that in test A5. Based on the research 
in Temperature Gradient Control described in Section 3.5, a higher heating rate resulted 
in a shaper temperature gradient. Therefore, the heading temperature of A6 was higher 
than that of A5, and the rest part temperature of A6 was lower than that of A5 when the 
forming stage started. Therefore, the deformation process at the heading area of A6 
should be easier than in A5 if same forming speed was applied. These two tests were 
stopped after similar feeding length as shown in Table 4-3. However, the enlarged 
diameter of A6 (15.1 mm) was smaller than that of A5 (17.5 mm). The expanded zone 
of A6 (37.9 mm) was longer than that of A5 (27.0 mm). This indicated that more 
material filled into the expanded zone of A6 (compared to A5) instead of the heading 
die. This deformation was a result of the low compressive forming speed. At the billet 
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heading of A6, the deformation process generated heat at a low rate resulted in the 
decrease in local temperature and increase in material strength. At the expanded zone, 
more heat was transferred to this part due to the doubled forming time, which resulted 
in the local temperature increase and the material strength decrease. Therefore, the billet 
was deformed relatively more at the expanded zone instead of the top heading in A6.  
Based on the discussion above, the forming speed should be higher than 0.5 mm/s. 
4.4.3.2 GEU Process Design B 
The only different test parameter between test B4 and B2 was the compressive forming 
speed. As shown in Figure 4-6, in test B4, deformation heat, which was generated at a 
high speed, melted the outer part of the heading. In test B5, the initial temperature 
changed down to 250 °C, yet the sample melted slightly around the edge, indicating that 
the forming temperature was still slightly higher than the ideal condition. However, 
decreasing the forming temperature further was not reasonable, for the 250 °C set in B5 
has already contributed to the high deformation force (15.1 kN), and resulted in the 
length of the expanded zone being 34.6 mm. Therefore, the melting problem was caused 
by the high compression speed.  
Based on the above discussion, the highest forming speed should not exceed 2 mm/s, 
and the minimum controlling temperature should be 250 °C.  
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4.4.4 Processing window 
A processing window has been devised based on the experimental results in this 
research. It was devised to describe the domain of optimum forming parameters of the 
Gleeble electrical upsetting process. A ‘successfully’ formed billet should satisfy the 
following two requirements: 1) the top part should be formed in solid condition without 
melting. 2) The upsetting ratio should achieve at 3 times of the original diameter. Based 
on previous boundary discussions in section 4.4, as shown in Figure 4-7, the required 
heating rate should be higher than 10 °C/s to decrease heat transfer time, and it should 
be lower than 30 °C/s to avoid overshooting the capacity of the electrical components. 
The forming temperature needs to be between 250 and 350 °C. Higher forming 
temperatures will reduce the deformation force. However, this will also increase the 
friction at the interface of the billet and the ceramic die, which may result in higher 
forming force. Higher forming temperatures will cause local melting as well. Low 
forming temperatures will require high compressive forming force which may result in 
billet premature buckling or more deformation at the tail part. Forming speeds between 
0.5 and 2 mm/s are suitable for this test. Lower forming speeds increases heat transfer, 
which reduces the strength of the billet outside the die. A higher forming speed results 
in higher forming force due to the increase in the flow stress of the workpiece material 
at higher strain rates (visco-plastic behaviour of AA2011 at elevated temperatures). 
Meanwhile, the deformation heat may melt the billet as well. 
 4–52  
 
The tests listed in Table 4-1 were summarized in Figure 4-7. Successful tests in the 
GEU system Design A (e.g. test A5) were marked as ‘•’ in the figure, and successful 
tests in the GEU system Design B (e.g. test B1 and B2) were marked as ‘o’ in the figure 
while unsuccessful tests (e.g. test A1, A3 and B4) were marked as ‘×’. As shown in 
Figure 4-7, the successful domain of the processing window is highlighted in red. 
Although, a desired mushroom shape was formed in test B3 and B5 (marked as ‘Δ’in 
Figure 4-7), the heading parts were slightly melted at the edges. They were at the 
boundary of the domain.  
 
Figure 4-7 A processing window for the GEU process of AA2011 
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4.5 Conclusions for Experimental Results 
The Gleeble Electrical Upsetting system (GEU system) Design A and Design B were 
designed and manufactured. GEU tests were conducted in a Gleeble 3800 
thermomechanical simulator. The following conclusions are drawn: 
(1) The GEU tests were conducted successfully with accurate temperature control. 
The billet can be heated up at the right end by resistance heating, with the 
desired sharp decreasing temperature gradient along the longitudinal direction.  
(2) The maximum upsetting ratio of 3 has been successfully achieved. The GEU 
system Design B showed more reliability than the GEU system Design A.  
(3) Three parameters play important roles in the GEU process. These parameters are 
heating rate, forming temperature and forming speed. 
(4) A processing window for the GEU process of AA2011 is devised to provide 
guidance for selecting the optimum processing parameters. It was found that the 
heating rate should be between 10 and 30 °C/s. The forming temperature should 
be between 250 and 350 °C. The forming speed should be between 0.5 and 2 
mm/s.  
The Gleeble electrical upsetting system successfully formed turbine blade with 
Aluminium alloy. Further work need to be done by applying Nickel and Titanium 
alloys.  
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PART 2  
STRUCTURAL INTEGRITY ASSESSMENT FOR 
COMPOSITE MATERIALS 
 
CHAPTER 5 Introduction of Composite Impact Research 
5.1 Background 
Composites are widely used all over the world, due to their outstanding mechanical and 
chemical properties. As researched by the SPI Composites Institute, the composites 
market is mainly shared by transportation (31%), construction (19.7%) and marine 
industries (12.4%). Meanwhile, in order to cope with the increasingly military exercises 
and possibilities of terrorist threats, high quality blast resistant materials are imperative 
to be developed [32].  
Composite sandwich structures have a good capacity to absorb impact energy. 
Additionally, they have many beneficial properties such as ‘high stiffness and low 
weight, good electromagnetic shielding, vibration and noise attenuation that cannot be 
achieved by any other conventional constructional approach [33]. The deformation 
process of composite structures under dynamic loading is of great interest. Within this 
document, Digital Image Correlation (DIC) has been used to detect failure process. I 
assisted Dr Hari Arora in the ONR blast research of composites and the research 
described in Part 2 of the thesis has been published with Dr Hari Arora in papers 
[34-41]. I very much appreciate the opportunity to assist with this ONR research. 
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5.2 Aims and Objectives 
The aim of the study is to examine the air blast tolerance performance of a set of 
composite sandwich panels fabricated to marine specifications. In order to understand 
the effects of skins type, core thickness and stand-off distance on air blast tolerance of 
composite sandwich structures, large scale blast tests were conducted. High speed 
cameras and DIC system were employed to obtain detailed deformation maps under 
high speed loading conditions. The experimental results were compared with FE 
simulations. 
5.3 Structure of Composite Impact Research Part 
The research of the composite part consists of four chapters, which are as follows: 
CHAPTER 5 introduces background, aims, objectives and literature review of the 
composite impact research.  
CHAPTER 6 describes the experimental study of composite sandwich panels under air 
blast loading.  
CHAPTER 7 shows the numerical modelling research of air blast loading of sandwich 
composite panels.  
CHAPTER 8 describes the conclusion of the forming and structural integrity of 
lightweight materials for transport applications research. 
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5.4 Literature Review of Composite Impact Research 
This literature review part initially outlines the structure of target composites. In the 
following part, the blast wave theory and typical air blast research methodology are 
illustrated briefly, focusing on both causes and consequences, which are concerned with 
sandwich structure. In the fourth part, the Digital Image Correlation (DIC) technique 
used to capture the deformation process and to analyse post-impact data of the goal 
structure is introduced. In the last section, the research outcomes into the composites 
impact gained by other research communities, are collected and compared. 
5.4.1 Materials 
Due to the high resistance properties to ballistic impact and detonation blast, glass fibre 
reinforced polymer and carbon fibre reinforced polymer are widely manufactured and 
utilized. 
5.4.1.1 Glass fibre reinforced polymer 
In marine industries, glass fibres are universally applied to reinforce different kinds of 
matrix to achieve glass fibre reinforced polymers (GFRPs) with excellent chemical and 
physical performance [42]. 
As Mouritz stated, GFRPs have a high resistance to perforative projectiles, especially 
those with small dimensions and high speeds. In a series of interaction processes, clash 
energy can be quickly absorbed by the GFRPs. Moreover, GFRPs can also reduce the 
shot speed and block the damage from missiles [43, 44]. The GFRPs provide a lot of 
outstanding properties: low densities, high mechanical properties, stable adhesive 
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properties after bonding [45]. Compared with other fibre based composites, GFRPs are 
fireproof, resistant to chemical corrosion and can remove fatigue cracking. Their 
commercial price and maintenance fees are also relatively lower than metal [42]. 
However, glass fibre composites sometimes will experience severe delamination after 
impact. In this case, the structure suffers disastrous damage and its load bearing 
compression capability is significantly decreased. [44].  
5.4.1.2 Carbon fibre reinforced polymer 
Carbon fibre reinforced polymers (CRFPs) are widely used in Aeronautics industry for 
their good strength and high modulus. However, compared with metallic structured 
counterparts, they are brittle and elastic [46]. 
5.4.1.3 Composite sandwich structure 
Sandwich structures are mainly used in aerospace, military, as well as commercial 
structures because of their lightweight properties [47-49]. Compared to metal materials, 
sandwich composites have analogous strength, but offer great lightweight structure [50].  
The indentation of the sandwich composites mainly depends on the property of core 
materials [51]. Honeycomb, balsa and foam are normally used as the core materials of 
the sandwich structures for their outstanding damage resistance and lightweight property. 
In order to achieve multi-functional structural performance, foam cores are subjected to 
plenty of machining after conventional fabrication. [52-54]. However, some sandwich 
composites exhibit mismatching problems between the skin and core. Especially after 
suffering various impacts, skin-core debonding is likely to appear. The low velocity 
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impact, such as dropped tools and other handling or manufacturing accidents, can cause 
fibre or matrix damage and significantly reduce the tensile and compressive strength 
[55-60]. 
Impact on sandwich structures with foam core is classified into three categories: the 
facing impact damage, the facing-core interface impact damage and the core impact 
damage. Several typical failure modes may be caused by impact loading, including 
facing fibre breakage, matrix cracking, debonding between skin and core materials, core 
cracking and core buckling [57].  
5.4.2 Blast theory 
5.4.2.1 Brief blast wave theory  
A blast wave is a kind of mechanical shock wave that propagates through the air, which 
is generated by an explosion such as a detonation of bomb [61]. During the detonation 
process, the energy releases rapidly, causes compression of the adjacent gas, and push 
the gas away with a high speed in any available direction far from the explosion centre 
[50]. The blasting is classified into external blasting and internal blasting according to 
the explosion principle. [62]. There are two indicators for a blast wave: pressure and 
impulse. The impulse plays a dominate role during the blast process [63]. The blast 
propagates as a form of wave. A reflected wave will be generated if the blast wave 
interacts with a barrier on its propagation path. After that, the reflected wave will trace 
the way back to the explosive centre [64].  
Figure 5-1 shows surrounding pressure of a blast wave character versus time at a certain 
distance from the explosion centre. The incident wave gets in contact with object at time 
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ta. The pressure hits the peak to Ps at first contact with the target and then decreases, 
from compressive to tensile loading. In the figure, Pa represents the surrounding air 
pressure [61]. The pressure is divided into negative region and positive region compared 
to Pa. Normally, the structure fails in the positive phase, between ta and ta + td [64]. 
Many parameters are studied in the positive phase, including dynamic force, blast 
impact, blast duration, maximum overpressure. 
 
Figure 5-1: Pressure-time plot of air blast process [61]. 
5.4.2.2 Hopkinson-Cranz scaling factor 
The Hopkinson-Cranz scaling factor is an important parameter in blasting research field. 
It is calculated using the following equation: 
𝑍𝑍 = 𝑅𝑅
𝑊𝑊
1
3
 
Equation 5-1 
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Z is the Hopkinson-Cranz scaling factor. R is the distance between the explosion center 
and the testing objective. W is the overall weight of the explosive, such as C4. 
It shows that two explosive charges belonged to a same kind of explosive and have 
same weight, their blast waves in a same gas environment will be similar to each other 
at a certain distance from the explosion centre, no matter the shape of the explosive 
charges [65]. 
5.4.2.3 Response of structures 
There are a series of factors affecting the response of the objective, such as the mass of 
the explosive, the stand-off distance, the dimension of the objective and the facing angle, 
the geometry position of the objective and its surrounding structures [45]. 
The response of a structure shows great dependence on its duration ratio, which can be 
calculated by Equation 5-2 [45]. 
𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑅𝑅𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 = 𝐷𝐷𝑑𝑑
𝑇𝑇
 
Equation 5-2 
td is the duration of positive phase. T is the natural vibration period of the objective. 
The duration ratio of a gas explosion is normally more than 0.1. Maximum overpressure 
dominates structural failure [45]. 
During the blast damage process, the structure fragmentizes at a high speed. The 
propagation of damage accelerates and causes further compressive loading on the 
objective. The sample will show deflecting, stretching and bending and might 
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delaminate or deform [43]. In general, dynamic responses of different structures are 
quite different from each other due to various affecting factors. 
5.4.3 Research methodologies 
A number of research methodologies have been set up to examine the structural 
response to an air blast based on real experiments or numerical simulations. For this 
review, the focus is on real tests. 
5.4.3.1 Methodologies of real blast loading 
Due to the cost of this research method, a blast loading methodology is normally used in 
certain scenarios where real blast simulation is of great importance, such as warfare 
exercises. A series of parameters should be decided for the test, including testing 
scenario, equipment setup scheme, ideal speed, overpressure, impact distance and 
choice of explosion.  
Lan primarily investigated the structural composites performance under blast loading  
generated by various explosives, which weighted ranging from eight to a hundred 
kilograms [66]. Razaqpur’s interest focused on the reaction of constructions. GFRP 
composites are applied to reinforce concrete [45]. Turkmen used the detonation tube 
blast testing system. Oxygen and liquid propane gas were mixed and reacted in a 
cylindrical tube. This resulted in air blast impact on the target panel. Many comparative 
researches, which are based on tube blast testing systems, are being conducted 
nowadays [67]. Qinetiq examined the effort of an over-laminated structure to joint 
performance of a composite sandwich panel [68]. Many blast testing equipments could 
simulate intermediate scale blast with low cost, such as DRES Blast Simulator. It could 
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conduct a blast test by using a scaled down sample [69]. 
5.4.3.2 Instrumentations for real air blast loading tests 
Many types of sensors can be installed on the target to collect required parameters and 
factors, such as time, velocity and loading. Some sensors can document the wave 
propagation process. Instruments, such as accelerometers, strain gauges and LVDTs, are 
extensively used for distance measurements. 
Some researchers measured and recorded structure dynamic responses by using high 
speed cameras. People obtained great knowledge of structure failure by analysing the 
cameras’ record. A set of high speed cameras was introduced by Arora to document the 
structure deformation process during air blasting. Three dimensional DIC was 
conducted by using ARAMIS software package to analyse the recorded images [70]. 
5.4.4 DIC technique 
Digital Image Correlation (DIC) method is one of the NDE Techniques. The advantage 
of this accurate optical detecting technique is its full scale detective ability and 
visualized output image and data, especially in the study of large components such as 
big panels for marine specification and aerofoil. 
The DIC technique is utilized to achieve full scale strain and displacement by analysing 
a set of images gained at different stages of the structure deformation. In order to purse 
the deformation tendency of the target, a random white-black contrast paint pattern is 
applied on the target facing [71]. The basic working theory of the digital image 
correlation system is shown in the following steps. First, an original figure is captured 
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by the optical sensor as the reference. Second, the system will compare the following 
figures captured by the same sensor with the original picture. Finally, the system will 
automatically calculate and output the movement of the points and the deformation 
trace of the whole structure.  
A set of DIC system includes hardware and software. Lens and digital camera constitute 
the sensor part, which should be fixed on the tripod steadily. Illuminating system works 
continually during the imaging process. A control PC and a control box, which is 
installed coupled DIC software, are also required. Different series of DIC software can 
be found, including StrainMaster by LAVision, Vic-2D/3D by Correlated Solutions, and 
ARAMIS by GOM. These analysis software offers similar image correlation functions 
with different accuracy levels. 
There are 2D DIC system and 3D DIC system. Compared to 2D DIC system, 3D digital 
image correlation technique shows results with higher accuracy. The two dimensional 
system will inaccurately record an out-of-plane transformation as an in plane 
transformation, which will not happen under 3D DIC detecting condition. This 
out-of-plane deformation detecting ability could allow 3D DIC to be more widely used 
in non-flat surface deformation measurement. Trigonometric principles are the basic 
theory of the 3D digital image correlation technique, which is shown in Figure 5-2. By 
stabling triangular correlation between the target surface and the two sensors, the 
vertical movement of the structure can be calculated. 
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Figure 5-2: 3D imaging theory. 
5.4.4.1 Applications of DIC system 
As a powerful multi-functional detecting technique, the DIC technique is widely used in 
numerous fundamental researches and industrial applications.  
Some research groups applied the DIC technique to study the bio-mechanics, i.e. 
revealed the ligament movement by applying a tensile loading [72]. Some researchers 
studied crystallographic textures, in cooperate with stain gauges [73]. The study of 
crystallographic texture with DIC technique has made a success to some extent. It was 
convinced that a DIC technique could be applied to capture tiny strain in suitable testing 
environment [74]. The DIC technique was also utilized to detect full scale strain of 
welded joint in structural components [75, 76]. Furthermore, the system showed great 
abilities of detecting failure process [77]. Bogdanovich utilized high-speed camera to 
capture the side-on view deflection of a sandwich panel which had subjected to 
high/low speed impact [78, 79]. On the marine specification sandwich panels, Arora 
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utilised the DIC system to capture a full scale strain map when the panels suffered air 
blast impact [80]. From these experiments, the DIC technique was proved to produce 
accurate displacement and strain data, which agreed with the laser gauge results.  
5.4.5 Conclusions 
The continuous investigations of blast loading are conducted by many researchers. The 
results have improved numerical and experimental understanding of the composites. 
However, there is not enough research work covering large scale air blast to composite 
sandwich structures. Large scale air blast tests need to be conducted to acquire more 
valuable knowledge for both academia and industry. 
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CHAPTER 6 Experimental Investigation of Air Blast 
Loading of Composite Sandwich Panels 
6.1 Introduction 
An understanding of sandwich structure composites subjected to air blast loading was 
studied, in order to examine resistance of sandwich composite structures against large 
scale air blast. The sandwich composite panels were used for naval vessels. The blast 
experiments were conducted with six glass fibre skinned and one carbon fibre skinned 
sandwich composite panels and one steel pane according to the requirement of the 
funder, US ONR. All together eight tests performed. I assisted Dr Hari Arora in the 
following research on blast of composites [70],. 
The large sandwich composite panels were fabricated by GURIT/PE Composites 
Company. They were 1.3 m in width and 1.6 m in length. The panels consisted of 25~50 
millimetre thick CorecellTM M130 foam core and different skin types. The steel panel 
was three millimetre thick. They were bonded to concrete/steel cubicles which were 
different metres stand-off facing to the explosion centre. Different weights of explosive 
charges were utilized to generate detonations. 
High speed cameras were set up behind the panels in the concrete/steel box to capture 
the back-face movement of the panels. The 3D DIC technique was applied to analyse 
the deformation process of panels during impact loading. 
This chapter will give a full description of the experiments, including materials, 
experiment design, experimental plan, results, discussion and conclusions. 
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6.2 Experiment Design 
6.2.1 Materials 
In the experiments, GFRP and CFRP sandwich panels were subject to full-scale air blast 
loading generated by explosive charges to observe the deformation and damage 
development during the events. The sandwich composite panels (1.6 m × 1.3 m) were 
sourced from S.P. Gurit and manufactured by P.E. Composites. Whilst different GFRP 
and CFRP skins were investigated, all composite panels used the 25~50 mm thick 
closed-cell M130 CorecellTM styrene acrylonitrile (SAN) foam core, shown in Figure 
6-1. In total, seven sandwich composite targets were evaluated, which comprised of six 
with GFRP skins and one with CFRP skins. In addition to the seven sandwich 
composite targets, one more 3 mm thick mild steel sheet (composition: 
EN-10025-2-05-S275JR-AR) was also evaluated. The GFRP and CFRP-skinned panels 
had equivalent mass per unit area, ~ 17 kg/m2 (all samples weighed in the region of 35 
kg). The steel plate also had a near equivalent mass per unit area as the composite 
sandwich panels, slightly larger at ~ 23 kg/m2. 
 
Figure 6-1 Sketch map of sample configuration  
The GFRP panels were constructed using two plies of 0º/90º/±45º E-glass quadriaxial 
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skins (material code: QE1200) on a 25~50 mm SAN foam core (material code: M130). 
The CFRP equivalent panels consisted of skins with two repeat layers of two plies 
0º/90º carbon (material code: RC245T) and two of plies ±45º carbon (material code: 
RC380T) on a 25 mm SAN foam core (material code: M130). The steel panel was 
fabricated from 3 mm thick mild steel plate. All composite constructions were infused 
with Ampreg 22, an epoxy resin. Material properties of panels are summarised in Table 
6-1 below: 
Table 6-1 Material properties of the sandwich panel constituent elements 
Material property QE1200 RC245T RC380T M130 
Density (kg/m3) 1750 1393 1393 140 
Tensile modulus (GPa) 17 50 11 0.18 
Compressive modulus (GPa) - - - 0.17 
Tensile strength (MPa) 260 471 - 2.85 
Compressive strength (MPa) 200 316 - 2.31 
Shear modulus (MPa) 6500 3150 23600 59 
Tensile failure strain (%) 1.5 0.9 - 1.6 
 
6.2.2 Instrumentations 
6.2.2.1 Explosive 
Explosive charges were used to simulate moderate to large blast loads in close 
proximity to naval vessels above the waterline. The C4 and nitromethane explosive 
were used in the experiments respectively. In the following content, the explosive 
weight would be described as equivalently TNT charges weight. The charge weight and 
stand-off distance were determined with a finite element simulation of the GFRP panel 
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setting an observed strain threshold to a given blast impulse of 1.5% strain, where 
damage was expected to initiate. 
6.2.2.2 High-speed video cameras 
Four high speed video cameras (Photron SA3s) were utilized to record the rear-face 
panel deformation process in these tests. The high-speed video cameras were positioned 
behind each of the two 1.6 m × 1.3 m speckled panels (black speckles on a matte white 
background applied to the rear face) and captured the images at 2000 fps at full 
resolution (1024 × 1024 pixels). Each of the panels was recorded by two cameras in 
vertical pairs from back, as shown in Figure 6-2. Except for the four cameras in the 
concrete/steel cubicle, another camera watched the front face of the cubicle.  
 
Figure 6-2 Schematic of stereoscopic imaging (left) and the image of cameras set up in 
the cubicle (right). 
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6.2.2.3 Pressure gauge 
A pressure gauge was used to record the dynamic pressure of the blast wave. It set at the 
same distance to the explosion centre with the target panels. The pressure gauge was 
positioned next to the test cubicle at the same stand-off distance from the charge to 
record the overpressure, Ps, generated by each blast.  
6.2.2.4 Concrete/steel cubicle 
A concrete/ steel cubicle was made to support the panels. There were two windows on 
the front face to the cubicle, which could allow two panels (side-by-side) bolted on the 
steel face (Figure 6-3). The high speed cameras were placed in the cubicle. 
 
Figure 6-3 Concrete test cubicle used for testing up to two samples at a time. 
6.2.3 Equipment setup 
A series of explosion tests were performed. For each test, the charge set at a certain 
stand-off distance from the panels. The panels were located in the concrete cubicle with 
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a steel front. Figure 6-4 shows the geometry of the equipment setup. Care was taken to 
ensure symmetric loading conditions on the panels, ensuring that the charge was located 
at mid-height and at 90° from the centre of the cubicle. At most two targets could be 
assembled on one steel/concrete cubicle and tested side-by-side in this purpose built 
concrete/steel test fixture. Multiple cubicles could be utilized within each blast, 
  
Figure 6-4 Blast configuration for tests: featured in diagrams are: target to be tested (T), 
test fixture (F), high-speed camera and its relative location on the test pad (V), pressure 
sensor arrangements (P) and explosive charge (E). 
Digital image correlation (DIC) was utilized to record full-field displacement and 
in-plane strain data for the rear-face of each of panel evaluated. Four high-speed 
cameras were positioned behind the targets in vertical pairs. The sampling frequency 
was determined using a single degree of freedom method outlined in reference [81] to 
estimate the time taken for the panel to reach the point of maximum deflection. The 
system was calibrated before testing to allow the recorded images to be processed in 
ARAMIS (produced by GOM mbH). This DIC software was used to perform the image 
(F) 
Explosive charge (E) 
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correlation calculations. The camera arrangement was housed in the test cubicle 
described previously.  
An additional high speed camera was located outside the test cubicle to observe the 
impulse wave effects on the front-face of the targets and test fixture. The pressure gauge 
was positioned next to the test cubicle at the same stand-off distance from the charge to 
record the overpressure, Ps, generated by each blast.  
6.3 Experimental plan 
Eight panels were divided into three sets of tests. The experimental plan details will be 
explained in the following part.  
After fixing the panels into the cubicle and setting up all the other testing instruments, 
the DIC system and the pressure gauge started to work. Then the explosive was 
triggered to detonation, meanwhile sensors recorded the desired relevant data. After 
each test, all data were downloaded and instruments were reset. New panels were fixed 
to the cubicle and repeated the test again.  
Three sets of experiments were planned to examine different aspects of sandwich 
composite structures. The first set was to study the effects of skin types on the air blast 
resistant property of sandwich composite structures. The second set was to study the 
effects of core thickness on the air blast resistant property of sandwich composite 
structures. The third set was to study the effects of explosive stand-off on the air blast 
resistant property of sandwich composite structures. The experimental plan is described 
in the following subsection. 
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6.3.1 Set one: effect of skin type 
This set of experiments was designed to examine the effects of different skin types on 
the blast resistant property. In this set of tests, two composite sandwich panels and a 
steel panel were examined in the same detonation. The sandwich composite panels were 
bonded on a steel/concrete cubicle, while the steel sheet was bonded on another cubicle. 
The 100 kg TNT equivalent blast was used to compare the CFRP-skinned composite 
sandwich panel (25C14) with the GFRP-skinned composite sandwich panels (25G14) in 
one blast test. The two sandwich panels were both with a 25 mm thick core. Meanwhile, 
the blast was to compare composite sandwich structures with a 3 mm thick steel panel 
(3S14). The explosion was triggered at 14m stand-off to all the targets. This set of 
experiments was arranged as shown in Table 6-2. The experiment parameters were 
designed to achieve stain limit of 25G14 panel. 
Table 6-2 Sample set for the examination of effects of skin types on the air blast 
resistant property of sandwich composite panels 
Sample 
Code 
Sample Type 
Charge Weight (TNT 
equivalent) (kg) 
Stand-off 
distance (m) 
25C14 
CFRP skins with 25 mm 
SAN core 
100 14 
25G14 
GFRP skins with 25 mm 
SAN core 
100 14 
3S14 3 mm mild steel 100 14 
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6.3.2 Set two: effect of core thickness 
Table 6-3 Sample set for the examination of effects of core thickness on the air blast 
resistant property of sandwich composite panels 
Sample 
Code 
Sample Type 
Charge Weight (TNT 
equivalent) (kg) 
Stand-off 
distance (m) 
30G14 
GFRP skins with 30 mm 
SAN core 
38.4 14 
40G14 
GFRP skins with 40 mm 
SAN core 
38.4 14 
40G8 
GFRP skins with 40 mm 
SAN core 
38.4 8 
50G8 
GFRP skins with 50 mm 
SAN core 
38.4 8 
This set of experiments was designed to study the effects of core thickness on the blast 
resistant property of composite sandwich structures. Four 2 mm-thick-GFRP-skinned 
sandwich panels were tested in two explosions. These panels had different core 
thickness, ranging from 30 mm to 50mm, as shown in Table 6-3. In the first explosion, 
at 14 m stand-off, a panel (30G14) with a 30 mm thick core and another panel (40G14) 
with a 40 mm thick core were tested. The two panels were separately installed on two 
steel/concrete cubicles with the same stand-off distance to the explosion centre. In the 
second explosion, at 8 m stand-off, another panel (40G8) with a 40 mm thick core and a 
panel (50G8) with a 50 mm thick core were tested. The two panels were separately 
installed on two steel/concrete cubicles with the same stand-off distance to the 
explosion centre.  All panels were bonded on the right window of the front face. 
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Charge weights used were both equivalent to 38.4 kg TNT charge. This set of 
experiments was arranged as Table 6-3. The experiment parameters were designed to 
achieve stain limit of 40G8 panel.  
6.3.3 Set three: effect of explosive stand-off distance 
This set of experiments was designed to investigate how different explosive stand-off 
distances affected the integrity of composite sandwich structures in explosions. Except 
for the 40G14 panel and the 40G8 panel examined in the previous sets of tests, a third 
composite sandwich panel (40G16) with GFRP skin and 40 mm thick SAN core was 
introduced. Panel 40G16 was also tested by 38.4 kg TNT equivalent charge, but with a 
16 m stand-off to the explosive. The panel was bonded on the right window of the front 
face on a steel/concrete cubicle. This set of experiments was arranged as Table 6-4. The 
experiment parameters were designed to achieve stain limit of 40G8 panel.  
Table 6-4 Sample set for the examination of effects of explosion stand-off distance on 
the air blast resistant property of sandwich composite panels 
Sample 
Code 
Sample Type 
Charge Weight (TNT 
equivalent) (kg) 
Stand-off 
distance (m) 
40G8 
GFRP skins with 40 mm 
SAN core 
38.4 8 
40G14 
GFRP skins with 40 mm 
SAN core 
38.4 14 
40G16 
GFRP skins with 40 mm 
SAN core 
38.4 16 
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6.4 Results 
 
Figure 6-5 The Detonation of 100 kg TNT equivalent charges in one test. 
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Figure 6-5 shows the detonation of 100 kg TNT equivalent charges in one test. Results 
for all three sets of tests are shown in this section. Each section studied a different kind 
of effect on impact resistant property of composite sandwich structures. They were 
effects of skin type, effects of core thickness and effects of explosion stand-off distance. 
For each set of tests, both air impact loading and the response of composite sandwich 
panels were investigated.  
6.4.1 Set one: effect of skin type 
The first 100 kg TNT equivalent blast was used to compare the CFRP-skinned 
composite sandwich panel (25C14) with the GFRP-skinned composite sandwich panel 
(25G14). Figure 6-6 shows the front-face deformation at regular intervals for this 
experiment. This shows the progressive deformation and eventual skin damage on the 
panel inflicted by the blast, where the peak overpressure, Pmax, was equal to 250 kPa 
and positive wave duration of the blast, td, was equal to 12.0 ms. A front skin crack 
originated from the top right-hand edge of the GFRP panel at approximately 19 ms into 
the blast event and propagated down the right-hand side of the target. Figure 6-7 and 
Figure 6-8 show a summary of the DIC data recorded for this blast (100 kg TNT 
equivalent at 14 m stand-off) for the 25G14 and 25C14 respectively. The contour plots 
shown in Figure 6-7(a) and Figure 6-8(a) show the transient response of the target with 
respect to out-of-plane displacement (Uz) of the rear face, in-plane maximum principal 
strain (εmax) and shear strain (εxy). Figure 6-7(b) and Figure 6-8(b) show central 
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out-of-plane displacement (using DIC data) of the target sandwich panel with the 
pressure-time trace overlaid. This helps to characterise the blast in terms of the target 
response relative to its loading. The regime of this test can be referred to as dynamic, 
based on reference [82].  
 
Figure 6-6 Images of shock wave progression and front-face deformation of 25G14 (left) 
and 25C14 (right). Images are shown from the detonation (0 ms) through the air shock 
wave arrival at target (15 ms) until targets begin their first rebound 
The GFRP (Figure 6-7(a)) contour plots indicate a uniform and symmetrical response 
across the panel up until maximum out-of-plane displacement, at 19 ms was reached. 
After this point front-face and core damage has been sustained, causing the distorted 
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nature of the displacement plot around Uz,max. This coincided with the time period over 
which the crack was observed to initiate and propagate in Figure 6-6. Uz,max was found 
to be 140 mm and εmax peaked in the region of ~ 1.6% prior to the crack developing.  
 
Figure 6-7 Blast summary for 100 kg TNT equivalent at 14 m stand-off from 25G14 
including: (a) DIC analyses and (b) a plot of pressure-time and displacement-time using 
DIC centre point measurements. The DIC analyses features contour plots of 
out-of-plane displacement, maximum principal strain and shear strain, corresponding to 
different stages in the graphical plot. 
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By comparison, 25C14, in Figure 6-8, is observed to deflect noticeably less than 25G14. 
For 25C14, the observed deflection Uz,max was 107 mm (compared to 140 mm for 
25G14) and the principal strain εmax was ~ 0.8% (compared to ~ 1.6% for 25G14). As 
discussed previously, a considerable front skin crack was seen to form in 25G14, 
however 25C14 showed no major observable skin failure. A fine crack was observed to 
form at one edge of the panel and core shear failure was also observed to a similar 
severity as for 25G14. The contour plots in Figure 6-8(a) show a larger central flat 
region than 25G14. The reason for this is that, no massive energy was absorbed by any 
severe CFRP skin failure, Therefore compared to 25G14, more of the absorbed blast 
energy was distributed throughout the structure in 25C14, causing more widespread 
core cracking. Conversely the skin of 25G14 failed and could not distribute the blast 
energy quickly enough throughout the entire structure leading to a major localised 
failure of the front skin and core. Due to the higher flexural rigidity of the integrated 
CFRP-skinned 25C14 (compared to 25G14), more proportional kinetic energy of the 
panel was transferred to the supporting structure(for less energy was absorbed by skin 
failure), resulting more deformation of the supporting structure. Therefore the response 
period increased and the response frequency decreased. This was observed with the time 
taken for the panel to return to its original position in Figure 6-7 and Figure 6-8, which 
took an extra millisecond in the carbon-skinned panel compared to the glass-skinned 
panel. 
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Figure 6-8: Blast summary for 100 kg TNT equivalent at 14 m stand-off from 25C14 
including: (a) DIC analyses and (b) a plot of pressure-time and displacement-time using 
DIC centre point measurements. The DIC analyses features contour plots of 
out-of-plane displacement, maximum principal strain and shear strain, corresponding to 
different stages in the graphical plot. 
Upon post inspection, the inter-laminar skin failure and severe front-ply fibre breakage 
of 25G14 was confirmed. For both panels, the core suffered cracking from front skin to 
rear skin but the rear skin remained intact. Figure 6-9 shows an overview of the damage 
observed by the two panels. The core damage initiated for 25G14 in transition regions 
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from constraint to regions of deflecting panel. This was where the stress state (caused 
by the restraint and the impulsive loading) promoted failure initiation. The lack of 
sufficient distribution of energy lead to global propagation of the crack in the skin of 
GFRP panels compared to the CFRP panels, which have small areas of skin cracking 
(which was seen to initiate from the stress concentration at the bolt hole - see Figure 
6-10).  
 
Figure 6-9 Overview of front skin comparison of 25G14 (left) and 25C14 (right) before 
and after air blast loading 
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Figure 6-10 Comparison of damage showing more skin/core damage in 25G14 (left) 
compared to 25C14 (right). 
A mild steel plate (3S14) was also tested in this set of experiment. Figure 6-11 shows 
the external view captured of the deformation process. The steel sheet seriously 
deformed under the blast loading. Figure 6-12 gives a summary in the same fashion as 
for 25G14 and 25C14. From the plot in Figure 6-12(b) there is close to linear initial 
portion of response, however at around 20 ms, 3S14 pulls out from six bolt holes. This 
dissipated a lot of energy and relieved the intensity of the oncoming pressure wave 
providing clearing for the blast wave, hence the sharp decrease in gradient of the 
displacement-time plot.  
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Figure 6-11: Images of shock wave progression and front-face deformation of 3S14. 
Images are shown from the detonation (0 ms) through the air shock wave arrival at 
target (15 ms) until the target begins its first rebound.  
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Figure 6-12: Blast summary for 100 kg TNT equivalent at 14 m stand-off  from 3S14 
including: (a) DIC analyses and (b) a plot of pressure-time and displacement-time using 
DIC centre point measurements. The DIC analyses features contour plots of 
out-of-plane displacement, maximum principal strain and shear strain, corresponding to 
different stages in the graphical plot. 
The displacement-time curve for the steel plate is seen to decrease in gradient steadily 
until it reaches a plateau. The contour plots in Figure 6-12 only show the deformation 
within the time period shown for that of 25G14 and 25C14 and therefore do not show 
the full response of the target.  
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Figure 6-13 shows a stage later in the deformation process at 24.5 ms after detonation. 
This shows that the panel continued to deform significantly further than the sandwich 
structures. Moreover 3S14 folded and crumpled in the regions between the bolt holes 
where high shear stresses occurred. 3S14 had a peak deflection which was 270 mm, 
which is considerable more than GFRP and CFRP-skinned sandwich panels. A 
deflection of approximately 120 mm was attained prior to bolt shear, which dissipated 
some energy and also relieved some of the blast pressure.  
 
Figure 6-13: A frame taken from the latter stages of the panel deformation, showing the 
permanently deformed contours of 3S14. The DIC analysis gives a contour plot of 
out-of-plane displacement, maximum principal strain and shear strain, corresponding to 
24.5 ms after detonation. 
The major principal strain peaks at approximately 1.1% at 24.5 ms for the steel plate. 
The damage sustained by 3S14 is featured in Figure 6-14, showing the final deformed 
profile relative to its original at profile. 
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Figure 6-14: Before and after images taken of the front-face view of 3S14 which was 
subjected to a charge of 100 kg TNT equivalent at stand-off of 14 m. 
6.4.2 Set two: effect of core thickness 
Two explosion experiments were conducted in this set of tests as shown in Table 6-3. In 
the first explosion experiment, sample 30G14 and 40G14 were both subjected to 38.4kg 
TNT equivalent at 14 m stand-off. The high-speed camera in the camera turret captured 
pictures of the air shock wave impact and the response of the sandwich composite 
panels, shown in Figure 6-15. It shows the progressive deformation inflicted on the 
panel by the blast, where the peak overpressure, Pmax, was equal to 200 kPa and positive 
wave duration of the blast, td, was equal to 6.3 ms. The air impact wave arrived at the 
structure 20 ms after explosion. No severe crack was caused by the impact in the front 
skin. Figure 6-16 and Figure 6-17 show a summary of the data recorded for this blast 
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(38.4 kg TNT equivalent at 14 m stand-off) for the 30G14 and 40G14 respectively. The 
contour plots shown in Figure 6-16(a) and Figure 6-17(a) show the transient response of 
the target with respect to out-of-plane displacement (Uz) of the rear face, in-plane 
maximum principal strain (εmax) and shear strain (εxy). Figure 6-16(b) and Figure 6-17(b) 
show central out-of-plane displacement (using DIC data) of the target sandwich panel 
with the pressure-time trace overlaid. This helps to characterise the blast in terms of the 
target response relative to its loading. The regime of this test can be referred to as 
dynamic, based on reference [82]. 
 
Figure 6-15 Pictures of the sample 40G14 subjected to air blast impact wave. Pictures 
are shown form the arrival of impact wave (20 ms) to the first rebound of the panel (31 
ms). 
The contour plots (Figure 6-16(a)) of 30G14 all indicate a uniform and symmetrical 
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response across the panel up until maximum out-of-plane displacement, Uz,max, at 25 ms 
was reached. After the peak displacement, there was more principal strain concentration 
in the lower part of the panel. This was caused by the complicated air blast wave which 
interacted with the ground and cubicle. The ground reflecting air wave impact generated 
bigger deformation on the panel lower part than on the upper part. The out-of plane 
displacement peaked at 78mm and the principal strain εmax peaked in the region of ~ 1.2% 
on the rear skin. Data gathered by the strain gauge (the noticeable cross-bar in the centre 
of the panel in Figure 6-16(a)) related well with the DIC results. No signs of skins or 
core failure were detected by the DIC system.  
By comparison, 40G14, in Figure 6-17, was observed to deflect noticeably less than 
30G14. The 40G14 (Figure 6-17 (a)) contour plots also indicate a uniform and 
symmetrical response across the panel up until maximum out-of-plane displacement. 
After the peak displacement, there was more principal strain concentration in the lower 
part of the panel. Similar to 30G14, this was caused by the complex interactions 
between the air wave and ground and cubicle. The ground reflecting air wave impact 
generated bigger deformation on the lower part of the panel than on the upper part. 
40G14 also showed no major observable skin or core failure. Figure 6-17 shows that the 
thicker core reduce Uz,max to 61 mm (compared to 78 mm for 30G14) and principal to 
εmax 1% (compared to 1.2% for 30G14). The contour plots in Figure 6-17(a) show a 
larger central flat region than 30G14. This is because more of the blast energy was 
 6–90  
 
absorbed by thicker core deformation and distribution throughout the structure in 40G14. 
Conversely the core of 30G14 was not thick enough to absorb the blast energy 
throughout the entire structure leading to a more severe deformation of the back skin.  
 
Figure 6-16 Blast summary for 38.4 kg TNT equivalent at 14 m stand-off from 30G14 
including: (a) DIC analysis and (b) a plot of pressure-time and displacement-time using 
both DIC and laser gauge centre point measurements. 
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Figure 6-17 Blast summary for 38.4 kg TNT equivalent at 14 m stand-off from 40G14 
including: (a) DIC analysis and (b) a plot of pressure-time and displacement-time using 
both DIC and laser gauge centre point measurements.  
In the second explosion experiment, sample 40G8 and 50G8 were both subjected to 
38.4kg TNT equivalent charge at 8 m stand-off. Due to technical problems, the DIC 
system did not successfully record the data for the 50G8. The high-speed camera in the 
camera turret captured pictures of the air shock wave impact and the response of the 
composite sandwich panels, shown in Figure 6-18. It shows the progressive deformation 
inflicted on the panel by the blast, where the peak overpressure, Pmax, was equal to 680 
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kPa and positive wave duration of the blast, td, was equal to 5.7 ms. The air impact 
wave arrived at the structure 8 ms after explosion. The first rebound of the panel came 
19 ms after the explosion. The regime of this test could be referred to as dynamic, based 
on reference [82]. A front skin crack of panel 40G8 caused by the air-wave impact 
generated at 13 ms since the detonation. The crack initiated on the top left edge and 
grew down the left side. Conversely, no front skin crack was generated on the 50G8 
panel in this test.  Figure 6-19 shows a summary of the data recorded for this blast 
(38.4 kg TNT equivalent at 8 m stand-off) for the 40G8. The contour plots shown in 
Figure 6-19(a) shows the transient response of the 40G8 panel with respect to 
out-of-plane displacement (Uz) of the rear face, in-plane maximum principal strain (εmax) 
and shear strain (εxy). Figure 6-19(b) shows central out-of-plane displacement (using 
DIC data) of the 40G8 panel with the pressure-time trace overlaid. Figure 6-21(b) 
shows central out-of-plane displacement of the 50G8 sandwich panel (measured by 
laser gauge) with the pressure-time trace overlaid. These help to characterise the blast in 
terms of the target response relative to its loading.  
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Figure 6-18 Pictures of the sample 40G8 subjected to air blast impact wave. Pictures are 
shown form the arrival of impact wave (8 ms) to the first rebound of the panel (19 ms). 
The 40G8 (Figure 6-19(a)) contour plots all indicate a uniform and symmetrical 
response across the panel up until maximum out-of-plane displacement, Uz,max, at 13 ms 
was reached. The Uz,max peaked at 134 mm and the εmax peaked at ~3% prior to the crack 
developing. There was a vertical strain release between 12 ms to 14 ms on the right 
back side of panel. This coincided with the crack propagation on the left side of the 
front skin (shown in Figure 6-18). After this point (13 ms) front-face and core damage 
has been sustained, causing the distorted nature of the principal strain plot around εmax. 
Figure 6-20 shows the section views of 40G8 at regular intervals. Except for the skin 
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damage (fibre breakage and delamination), the core of the 40G8 also experienced severe 
core crack and skin-core debonding. The core crack increased towards the centre of the 
panel. 
 
Figure 6-19 Blast summary for 38.4 kg TNT equivalent at 8 m stand-off from 40G8 
including: (a) DIC analysis and (b) a plot of pressure-time and displacement-time using 
both DIC and laser gauge centre point measurements. 
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Figure 6-20 Front-face damage and core section views of 40G8 subjected to 38.4 kg 
TNT equivalent at 8 m stand-off  
On comparison, the back skin of the 50G8 composite sandwich panel peaked at 111 mm 
subjected to the 38.4 kg TNT equivalent charge explosion, shown in Figure 6-21, which 
was less than 134 mm Uz,max peaked by the 40G14. The maximum out-of-plane 
displacement was recorded by the laser gauge. No data was recorded by high speed 
cameras due to technical problems. As shown in Figure 6-22, no skin damage or core 
crack was conducted by the air blast impact.  
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Figure 6-21 Blast summary for 38.4 kg TNT equivalent at 8 m stand-off from 50G8 
including a plot of pressure-time and displacement-time using laser gauge centre point 
measurements. 
 
Figure 6-22 Front-face damage and core section views of 50G8 subjected to 38.4 kg 
TNT equivalent at 8 m stand-off. 
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6.4.3 Set three: effect of explosive stand-off distance 
 
Figure 6-23 Blast summary for 38.4 kg TNT equivalent at 16 m stand-off from 40G16 
including: (a) DIC analysis and (b) a plot of pressure-time and displacement-time using 
both DIC and laser gauge centre point measurements. 
Three same samples were included in this set of test. All three panels were with 2 mm 
thick GFRP skins and 40 mm thick core. They were tested by 38.4 kg TNT equivalent 
charge at 8 m, 14 m and 16 m stand-off respectively. The DIC results of the 40G8 and 
40G14 were shown in previous two sections. The contour plots of the 40G16 shown in 
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Figure 6-23 all indicate a uniform and symmetrical response across the panel up until 
maximum out-of-plane displacement, Uz,max, at 28 ms is reached. The Uz,max peaked at 
52 mm and the εmax peaked at less than ~1%. No skin or core damage was found on 
40G16. The comparison of the central out-of-plane displacement over time for the three 
samples is in shown in Figure 6-24. Smaller distance to the explosion centre resulted in 
higher peak out-of-plane displacement and quicker first response. This trend remained 
till the breakage of the GFRP skin. 
 
Figure 6-24 Summary for three exposition distance tests, 40G8, 40G14 and 40G16 
subjected to 38.4 kg TNT equivalent charge’s explosion at the distance of 8m, 14m and 
16m separately.  
6.5 Discussion 
6.5.1 Set one: effect of skin type 
The DIC data was used to plot the deflected profile of the central section of the panels 
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and to calculate average deflection velocities of 25G14 and 25C14. Figure 6-25 shows 
the cross-sectional deformation through the maximum out-of-plane displacement point 
of 25G14 during the blast. There was a uniform forward (positive) stroke, however, due 
to the compromised integrity of the skin and core, there was an augmented return stroke. 
The core crack seemed to initiate in the early stages again at ~4 ms after impact of the 
air shock which was 15 ms after detonation.  
 
Figure 6-25: Displacement data taken across a horizontal section running through the 
point of maximum deflection for the panel 25G14 during blast loading (100 kg TNT 
equivalent at 14 m stand-off). Data displayed for regular intervals of 0.5 ms from 15 ms 
after detonation. Solid lines show displacement profile up to maximum deflection and 
dotted lines show subsequent return. 
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Figure 6-26: Displacement data taken across a horizontal section running through the 
point of maximum deflection for the panel 25C14 during blast loading (100 kg TNT 
equivalent at 14 m stand-off). Data displayed for regular intervals of 0.5 ms from 15 ms 
after detonation. Solid lines show displacement profile up to maximum deflection and 
dotted lines show subsequent return. 
The deformation profile of 25C14 is given in Figure 6-26. It is interesting to compare 
these two graphs bearing in mind the nature of visible damage observed in Figure 6-9. 
As stated previously, the higher bending stresses caused shear cracks to initiate in the 
early stages of the two targets’ deformation cycles. However since the GFRP structure 
provided less resistance to the impact of the air shock, the damage propagated faster in 
the GFRP skin than in the CFRP skin. Furthermore the average velocity of the target 
deflection was 40 m/s in 25G14 compared to 25 m/s in 25C14. This extra kinetic energy 
in the GFRP target (momentum) leads to greater stresses induced in the skins and the 
core, causing the core crack to propagate to complete failure (front skin-to-rear skin 
core shear failure). In the case of 25G14 this lead to fibre breakage all along this crack 
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at the point of peak deflection. The CFRP target, 25C14, distributed the blast energy 
more effectively through the panel and responded with a greater resistance to the impact. 
It gained less kinetic energy, which was dissipated on the rebound strike without any 
global skin failures. Once the centre of the target reached  Uz,max, the remaining 
momentum carried the edges of the panel forward, unrestrained due to the loss in 
integrity of the core, leading to this flattening out observed of the deformed profile. 
Finally, for the steel plate (3S14) data was analysed to give a direct comparison to the 
GFRP and CFRP sandwich panels. The steel plate exhibited the classic impulsive 
behaviour, with the central flattened region. Extensive work on steel plates and their 
failure modes has been conducted by Nurick et al., particularly reference [83] discussed 
the three main failure modes expected to occur under blast conditions. These modes 
were large inelastic ductile deformation (mode I), tensile tearing at the supports (mode 
II) and transverse shear failure at the supports (mode III). Referring to Figure 6-27, the 
extended duration of the deformation cycle with the flattened region implies the plate 
did not have sufficient time to reach the mode I failure mechanism and therefore the 
deformations concentrated around the edges of the central region (similar observations 
were made on 240 mm × 240 mm size samples in [83]). This blast caused bolt shear to 
occur on one side and this is clear from Figure 6-27 causing the bias on the deformed 
profile. The plate was moving at an average velocity of 25 m/s at the point of bolt shear, 
causing a jump in the central point velocity (up to 31 m/s). Then the remaining tail of 
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the pressure pulse and momentum of the plate causes the plate to continue with large 
plastic deformations. The steel plate is heavier than the composite sandwich panels, 
therefore these velocities of deformation and amplitudes of deflection are considerable 
from a blast mitigation point of view. Steel showed minimal damping of the blast force 
(i.e. rate of deformation) and minimal resistance to deformation. These observations 
indicate, based on these design criteria, that the FRPC sandwich materials are more 
blast tolerant than shipbuilding steel plate. 
 
Figure 6-27: Displacement data taken across a horizontal section running through the 
point of maximum deflection for the steel plate 3S14 during blast loading (100 kg TNT 
equivalent at 14 m stand-off). Data displayed for regular intervals of 0.5 ms from 15 ms 
after detonation. Solid lines show displacement profile up to bolt shear and dotted lines 
show subsequent deformation. 
6.5.2 Set two: effect of core thickness 
The DIC data was used to plot the deflected profile of the central section of the panels 
and to calculate average deflection velocities of 40G14 and 30G14. Figure 6-28 shows 
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the cross-sectional deformation through the maximum out-of-plane displacement point 
of 40G14 and 30G14 during the first blast. Data displayed for regular intervals of 0.5 
ms from 8 ms after detonation. There was a uniform forward (positive) stroke. It is 
interesting to compare these two graphs bearing in mind no visible damage observed. It 
can be seen that the 30G14 achieved a larger maximum out-of-plane displacement (78 
mm) than the 40G14 did (61 mm), as well as deformation speed, representing that the 
30G14 structure provides less resistance to the impact of the air shock. The increase in 
core thickness would improve the air blast resistant property of a sandwich composite 
structure. It could also be noticed that the deflection lines in the Figure 6-28 were 
asymmetric. The right part of the deflection lines increased more in the out-of-plane 
direction than the left part from the back view of the panels. This showed that the left 
part of sandwich structures experienced a larger out-of-plane displacement from the 
front view of the panels. There were mainly two reasons for that, unequal supporting 
conditions and different air impact releasing conditions. As shown in Figure 6-16 and 
Figure 6-17, the panels were installed on the right part of the front face of the cubicle. 
Therefore the right side of the panel led to the edge of cubicle which provided stronger 
vertical support and better air impact loading release environment. While the left side of 
panel led to the centre of the cubicle which was provided weaker vertical support in the 
impact propagating direction and weak air loading release. The above two factors 
resulted in the larger out-of-plane displacement of the panels on the back right side. 
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Figure 6-28 Displacement data taken across a horizontal section running through the 
point of maximum deflection for two panels: (a) 40G14, core thickness 40 mm, and (b) 
30G14, core thickness 30 mm. Blast parameters (38.4kg TNT equivalent at 14 m 
stand-off). Data displayed for regular intervals of 0.5 ms from 8 ms after detonation. 
Solid lines show displacement profile up towards maximum deflection and dotted lines 
show subsequent return. 
As shown in Figure 6-19, there was a principal strain relief on the back right side of the 
40G8 panel initiated at 13 ms after detonation. Comparing with front-face response of 
the structure to air blast shown in Figure 6-18, the strain relief related to the skin crack 
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propagation on the left-hand side of the front skin. During this failure process, the front 
GFRP skin and core debonded first due to the air impact. The core then cracked. The 
front skin, which was provided no support by the core, experienced a series of 
delamination and fibre breakage. The energy absorbed in this failure partially released 
the local strain concentration along the crack.  
 
Figure 6-29 Displacement data taken across a horizontal section running through the 
point of maximum deflection for the panel 40G8 during blast loading (38.4kg TNT 
equivalent at 8 m stand-off). Data displayed for regular intervals of 0.5 ms from 15 ms 
after detonation. Solid lines show displacement profile up to bolt shear and dotted lines 
show subsequent deformation. 
The DIC data was used to plot the deflected profile of the central section of the panels 
and to calculate average deflection velocities of 40G8. Figure 6-29 shows the 
cross-sectional deformation through the maximum out-of-plane displacement point of 
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40G8 during the first blast. Data displayed for regular intervals of 0.5 ms from 9 ms 
after detonation. There was a uniform forward (positive) stroke. The crack seemed to 
initiate in the early stages again at ~3 ms after impact of the air shock which was 9 ms 
after detonation. As stated previously, the high bending stresses caused shear cracks to 
initiate in the early stages of the target's deformation cycles. Then damage propagated 
rapidly in the GFRP skin structure. It could also be noticed that the deflection lines in 
the Figure 6-29 became even asymmetric after the maximum out-of-plane displacement. 
The right part of the deflection lines increased more in out-of-place direction than the 
left part from the back view of the panels. This showed that the left part of the sandwich 
structure experienced a larger out-of-plane displacement from the front view of the 
panels. There were mainly two reasons for that: different air impact releasing conditions 
and unequal supporting conditions. As shown in Figure 6-19, the panels were installed 
on the right part of the front face of the cubicle. Therefore the right side of the panel led 
to the edge of cubicle which provided stronger vertical support and better air impact 
loading release environment. The left side of panel led to the centre of the cubicle which 
provided weaker vertical support in the impact propagating direction and weak air 
loading release. The above two factors resulted in the larger out-of-plane displacement 
of the panels on the back right side. This was also the reason for why the crack initiated 
on the left front skin instead of the right side. In ideal scenario, if the instruments 
provided equal support to all edges of the panel and the air impact loading release were 
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also even, cracks would initiate from all corners. Once the first core crack initiated, the 
core no longer provided support to the front skin in local area. This resulted in strain 
and stress concentration at local skin till its failure. The delamination and fibre breakage 
absorbed kinetic energy of the structure. Without further air impact loading, the panel 
slowed down further deflection and rebounded back. Due to the lack of bonding with 
the core, the core-cracked region was relatively weaker than other parts, compressing 
and rebounding quicker than other areas. The strain in the core-cracked region released 
strain ahead of other areas.  
6.5.3 Set three: effect of explosive stand-off distance 
By comparing the test results of 40G8, 40G14 and 40G16, it could be found that the 
degree of deformation of sandwich panels positively correlated with the degree of air 
impulse before failure in the similar test structures. At the same time, the boundary 
conditions affected the resistant behaviour of the panels severely. As discussed 
previously, the centre part of the structure provided less support in comparison to the 
edge of the structure. The support structure, as well as one side of the panel, moved for 
a certain distance during the air blast experiments. This boundary behaviour weakened 
the deflection of the sandwich composite panel. It not only provided a longer response 
time for the deflected panel, but also reduced the energy captured by the front skin. As 
shown in Figure 6-28, the maximum boundary displacement of 40G14 was 28 mm, 
which was approximately 1/2 of the central maximum displacement (61 mm). In Figure 
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6-29, the maximum boundary displacement of 40G8 was 46 mm, which was 
approximately 1/3 of the central maximum displacement (134 mm). In the tests of 40G8, 
the maximum intensity of air impact (680 kPa) was more than three times to that (200 
kPa) in 40G14 test. This disproportional deformation of central and boundary parts of 
panels indicated that the support structure did not provide proportional support 
corresponding to different degrees of air impact. Much more energy was absorbed by 
the 40G8 composite sandwich panel until its failure. 
6.6 Conclusions for Experimental Results 
Blast mitigation has been demonstrated for lightweight composite sandwich materials as 
related to full-scale marine and other structures and well-instrumented data has been 
obtained, which is useful for modelling and other activities. Large-scale blast testing has 
proved that full-field displacement and in-plane strain data can be reliably obtained for 
composite sandwich panels secured around their edge during explosive events. Detailed 
deformation maps were obtained using DIC under extreme shock loading conditions 
and have been validated by point measurements using a laser gauge system. The DIC 
technique is now being adopted by other research groups for similar blast experiments. 
Important in this research was the support arrangement for the composite sandwich 
panels and how it influenced, as a design consideration, the mode and location of failure. 
Several studies were conducted which showed a number of real scenarios for naval 
structures, such as multiple blast impacts as well as a number of different blast impacts 
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on a number of different constructions. Each of these studies have shown that the modes 
of failure are front-face dominated. The modes of core failure were seen to change from 
compressive to shear failure, leading to skin-to-skin core shear failures in blasts with I 
above approximately 500 kPa ms due to the excessive shear stresses causing crack 
initiation early on in the target response [41].  
Based on the three sets of experiments shown in this chapter, three general conclusions 
were generated.  
(1) Composite sandwich panel with CFRP skins was more resistant to air blasts than 
the panel with GFRP skins with similar skin and core thickness. Meanwhile, 
steel plate with even higher weight per unit area was weaker in blast resistance 
than FRPC sandwich materials. 
(2) The air blast resistance of GFRP-skinned composite sandwich structures 
positively correlated to the core thickness. 
(3) Air blast impulse decreased along stand-off distance, resulted in smaller 
deformation of the GFRP-skinned composite sandwich structures. The boundary 
conditions affected the air blast resistant property of the panels severely. 
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CHAPTER 7 Numerical Modelling of Air Blast Loading of 
Composite Sandwich Panels 
Finite element models have been produced and used during the course of these blast 
studies employing Abaqus/Explicit 6.10 as either a predictive or evaluative tool. They 
have been used during the design process, when planning the sample construction to test 
against which blast scenario (charge size, stand-off and support conditions). Post-test, 
these models have been evaluated against experimental data and in some cases extended 
to explain any subtle or significant differences between the real (experimental) and the 
ideal (numerical simulation) blast cases.  
7.1 Methods 
The following numerical modelling method was originally developed by Arora [80]. A 
3D solid continuum element model was generated with the plate geometry sectioned 
into its composite constituent layers. The target was loaded with a uniformly distributed 
pressure load with amplitude-time characteristic to a given blast. Mesh refinement was 
such that the core had five elements through thickness and the skins were kept as one 
element thick as their through thickness contributions to the panel deformation could be 
neglected (bending taken into account not transfer of shear or compressive stresses). 
Mesh refinement studies were conducted to ensure high spatial resolution of the result is 
maintained throughout the analysis. Areal mesh refinement was such that coverage was 
approximately one element per 10 mm × 10 mm area. This resulted in approximately 
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125000 element model being generated of C3D8R elements. This model was then 
simplified to a 2D shell element model for computational efficiency and geometric 
simplicity. The number of elements reduced from 125000 elements to 2600 S4R 
elements for the plate area, 1.6 m × 1.3 m. This simplification was done since the 
correlation of in-plane surface strains and peak deflection between the 3D solid 
continuum element model and 2D shell element model was strong. Given these are the 
measured quantities from the experiments and were captured sufficiently well 
subsequent work proceeded with the 2D shell model for this investigation. It should be 
noted that the move to a 2D shell model precludes the observation of significant 
through-thickness stresses. However, as no core crushing was observed during air-blast 
experiments, this was considered acceptable for this application. Another modelling of 
GFRP and CFRP skins was examined by Arora [41], illustrated that although fibre 
layups and directions affected the structure behaviour under impact loading, due to the 
extreme balance of skin behaviour under blast loading, there were no different 
modelling results between the multiple-fibre-ply mode and the one-thick-ply mode. 
There are other effects which should be recognised and can be included in the models to 
improve the details of the analysis such as, the non-uniformity of the pressure 
distribution arising from target geometry and ground reflections. The pressure 
distribution modelling results were provided by Arora [41]. It was studied using Air3D, 
a commercially available computational fluid dynamics software package. To 
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summarise the basics of the blast wave interaction with the target structure, there are 
two main factors to be considered: the duration and magnitude of the pressure wave 
loading of the structure. The blast wave, when impacting an object small compared to 
the shock wave surface, will seek the route of least energy or least resistance to 
propagate through. This can lead to a reduced loading experienced by the structure (or 
reduced duration and therefore impulse), due to this phenomena, also known as blast 
wave clearing. The second effect to be aware of from this blast wave clearing is that the 
distribution of the reflected pressure (force applied to the structure) varies across the 
structure from the centre to the boundary. The intensity of the blast wave will 
deteriorate towards the boundaries, where the wave is in close proximity to open-air. 
Conversely the boundaries closer to the ground can be expected to experience a greater 
initial loading (depending on the stand-off distance), due to shock wave reflections. To 
simplify the computational expense the effects of uneven loading, however, have been 
omitted from this study. 
7.1.1 Set one: effect of skin type 
For the experiments conducted on the CFRP, GFRP and mild steel, the supporting 
structure was included in the model. Ideally, the composite plates would have rigid 
supports from the fixture. However, as this is not achievable in reality as observed 
experimentally. There is always a finite stiffness applied by the support. The 
method chosen was based on the same design as the steel test cubicle outlined in 
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reference[80]. The test fixture was modelled using an equivalent thickness of 
continuum shell elements. This was estimated considering the stiffness of the 
structural support elements (steel universal column and angle sections). The steel 
front was bolted onto concrete cast collets. The concrete did not move during 
testing and was therefore fixed in the model as a built-in boundary. The composite 
panels were then fixed to this plate.  
The load was applied as a uniformly distributed pressure load based on the 
experimental measurements. During these experiments, overpressure was measured, 
therefore a conversion equation (taken from Chapter 3 of reference [82]) was used 
to convert the static pressure into the reflected pressure. The quality of this 
relationship was verified for peak measurements from previous experiments in 
which both static pressure and reflected pressure were recorded. 
The skin configuration was changed by editing the section assignments of the 
sandwich panel from a GFRP to CFRP panel. The skins were changed to have the 
material properties as shown previously in Table 6-1. In addition to the GFRP and 
the CFRP targets, the steel sheet was also computed for completeness. The 
simulations were run to validate the model against the experimental data. These 
models were also intended to clarify that the savings made by using certain skin 
materials, with regard to blast resistance, is due to their performance and not a 
statistical anomaly. The number of experimental data points recorded for each test 
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scenario is at most one. This is insufficient to conduct a classic statistical analysis 
on the experimental results. Therefore these models serve a purpose of verifying 
that the experimental results are statistically sound, if they form an agreement. 
7.1.2 Set two: effect of core thickness 
The method of numerical study of effects core thickness on air blast resistance 
property of composite sandwich structures was similar to the method of numerical 
study of skin types’ effects (as described in Section 7.1.1). The core thickness was 
changed by editing the section assignments of the sandwich panel. The core 
properties were the material properties as shown previously in Table 6-1.  
7.2 Results 
7.2.1 Set one: effect of skin type 
The results confirm the superior performance, experimentally observed, of the 
CFRP-skinned sandwich panels to the GFRP-skinned sandwich panels against air-blast 
loading. The contour plots from the numerical solution of the out-of-plane displacement 
are shown in Figure 7-1 with the predicted face deformation compared to DIC 
experimental date. This implies that a suitable model of this concrete/steel support 
structure is established such that the predictions of the simulation fall in line with the 
experimental. The samples were tested experimentally and numerically side-by-side and 
the displacement contours are displayed in Figure 7-1 side-by-side to emphasise the 
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difference in performance of the two skin configurations (25G14 and 25C14). It shows 
the progressive deformation inflicted on the panel by the blast. The general trends of 
out-of-plane displacement were similar in experimental and numerical analyse for both 
25G14 and 25C14 panels, yet there were deviations at peak times for experimental and 
numerical data. In the FE models, the stiffness of the supporting system was simplified, 
with being lack of plastic deformation. This resulted in peaking deviations. Also, the 
model omitted damping of the structure, which resulted in faster responses of the 
system. Meanwhile, both the numerical results and the experimental shows that the 
glass fibre skinned sandwich composite panel deflected more than the carbon fibre 
skinned sandwich composite panel, illustrating that the stronger resistance against air 
large scale blast of CFRP-skinned composite panels. 
A further simulation was run for the steel sheet, 3S14. The results of 3S14 are 
introduced in Section 7.3.1. 
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Figure 7-1: Blast summary for 100 kg TNT equivalent at 14 m stand-off for both panel 
25G14 and panel 25C14 (1.3 m × 1.6 m exposed target area), displaying contour plots 
of the out-of-plane displacement from both experimental and finite element (Numerical) 
analyses. 
7.2.2 Set two: effect of core thickness 
Two explosion modelling were conducted in this set of tests. In the first set of explosion 
modelling, sample 30G14 and 40G14 were both subjected to 38.4kg TNT equivalent 
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charge at 14 m stand-off. Figure 7-2 and Figure 7-3 show a comparison of the 
experimental data and numerical analyses (38.4kg TNT equivalent charge at 14 m 
stand-off) for the 30G14 and 40G14 respectively. It shows the progressive deformation 
inflicted on the panel by the blast, where the peak overpressure, Pmax, was equal to 200 
kPa and positive wave duration of the blast, td, was equal to 6.3 ms. The air impact 
wave arrived at the structure 20 ms after explosion. The contour plots shown in Figure 
7-2 (a) and Figure 7-3 (a) show the transient response of the target with respect to 
out-of-plane displacement (Uz) of the rear face, in-plane maximum principal strain (εmax) 
and shear strain (εxy). The general trends of out-of-plane displacement, in-plane 
maximum principal strain and shear strain were similar in experimental and numerical 
analyse, yet there were deviations at peak times for experimental and numerical data. In 
the FE models, the stiffness of the supporting system was simplified, with being lack of 
plastic deformation. This resulted in peaking deviations. Also, the model omitted 
damping of the structure, which resulted in faster responses of the system. Figure 7-2 (b) 
and Figure 7-3 (b) show central out-of-plane displacement (both DIC and numerical 
data) of the target sandwich panel with the pressure-time trace overlaid. This helps to 
characterise the blast in terms of the target response relative to its loading. 
 7–118  
 
 
Figure 7-2 Blast summary for 38.4 kg TNT equivalent at 14 m stand-off for 30G14, 
displaying both DIC experimental and numerical results, including (a) contour plots of 
the out-of-plane displacement, principal strain, shear strain and (b) a plot of 
pressure-time and displacement-time. 
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Figure 7-3 Blast summary for 38.4 kg TNT equivalent at 14 m stand-off for 40G14, 
displaying both DIC experimental and numerical results, including (a) contour plots of 
the out-of-plane displacement, principal strain, shear strain and (b) a plot of 
pressure-time and displacement-time. 
 
 7–120  
 
In the second set of explosion modelling, sample 40G8 and 50G8 were both subjected 
to 38.4kg TNT equivalent charge at 8 m stand-off. Figure 7-4 and Figure 7-5 show a 
comparison of the experimental data and numerical analyses (38.4kg TNT equivalent 
charge at 14 m stand-off) for the 40G8 and 50G8 respectively. It shows the progressive 
deformation inflicted on the panel by the blast, where the peak overpressure, Pmax, was 
equal to 680 kPa and positive wave duration of the blast, td, was equal to 5.7 ms. The air 
impact wave arrived at the structure 13 ms after explosion. The contour plots shown in 
Figure 7-4 (a) and Figure 7-5 (a) show the transient response of the target with respect 
to out-of-plane displacement (Uz) of the rear face, in-plane maximum principal strain 
(εmax) and shear strain (εxy). The general trends of out-of-plane displacement, in-plane 
maximum principal strain and shear strain were similar in experimental and numerical 
analyse. Yet there were deviations at peak times for experimental and numerical data 
which were similar as deviations in the study of 30G14 and 40G14.  
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Figure 7-4 Blast summary for 38.4 kg TNT equivalent at 8 m stand-off for 40G8, 
displaying both DIC experimental and numerical results, including (a) contour plots of 
the out-of-plane displacement, principal strain, shear strain and (b) a plot of 
pressure-time and displacement-time. 
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Figure 7-5 Blast summary for 38.4 kg TNT equivalent at 8 m stand-off for 50G8, 
displaying numerical results, including (a) contour plots of the out-of-plane 
displacement, principal strain, shear strain and (b) a plot of pressure-time and 
displacement-time. 
7.3 Discussion 
7.3.1 Set one: effect of skin types 
Figure 7-6 shows a comparison of the DIC analysis (experimental) of the blast on 
25G14 and 25C14 with the FE data (numerical) overlaid for the central out-of-plane 
displacement. 25G14 and 25C14 are seen to deflect to a Uz,max of 150 mm and 110 mm 
respectively. This compares to the experimental results of 140 mm and 107 mm for 
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25G14 and 25C14. The nature of the curves deviates after the initial impact to first 
maximum out-of-plane displacement. This is due to a combination of target failures and 
boundary deformation. From the comparison of experimental and modelling results 
shown below, a key parameter missing from the FEA implementation is a damage 
mechanism which can model accurately the core and skin damage observed. The 
increased damping in real experiments would have slowed or inhibited the rebound 
stroke of the panel, eliminating the double peaks seen for 25C14 in Figure 7-6.  
An indication of the impact such changes to this model could make is given in Figure 
7-7. The graph shows the experimental results compared to the numerical results for 
3S14. When the elastic material model is used the model predicts a much stiffer target. 
Therefore an elastic perfectly-plastic material model was applied, taking the yield stress 
to be 331 MPa and the Young’s modulus to be 200GPa as generic values for mild steel. 
This produces the third curve in Figure 7-7. The elastic perfectly-plastic model is a 
conservative model for the stiffening that occurs during dynamic events but was chosen 
for simplicity as an example. It is clear that the model is now more representative. 
Deviation occurs at 20 ms due to the energy released in bolt shear, which was not 
incorporated in the model.  
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Figure 7-6: Two plots showing displacement-time history for both the experimental and 
numerical studies on the effects of skin configuration on sandwich panel response: Top 
is glass-fibre-skinned sandwich panel 25G14 and Bottom is carbon-fibre-skinned 
sandwich panel 25C14. The blast parameters were 100 kg TNT equivalent at 14 m 
stand-off distance. 
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Figure 7-7: A plot showing the displacement-time history from both the experimental 
and numerical studies of the steel panel, 3S14, response. An example of a simple 
damage material model is included for comparison to the purely elastic material model. 
A damage model is less important for understanding the response of the composite 
panels, as can be seen by comparing Figure 7-6 and Figure 7-7. This highlights the 
importance of considering the general characteristics of the materials modelled when 
deciding which factors will need to be included. The failure of the steel could be defined 
as global, as it affected the whole panel. Therefore, the numerical results without a 
damage model deviate very early on from the experimental results, particularly because 
the onset of plasticity occurs early in 3S14 too, and are unreliable to estimate the 
deformation behaviour. However the GFRP and CFRP panels’ failures are more 
localised and occurred around Uz,max. Therefore the model predicted the first peak 
deflections, even though subsequent behaviour deviated from the recorded DIC results. 
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The importance of assessing the appropriate level of accuracy in the material model is 
heightened especially when only a limited number of complications, in terms of support 
conditions, loading and material models, can practically be included. 
7.3.2 Set two: effect of core thickness 
Figure 7-8 shows displacement-time history for both the experimental and numerical 
studies on the effects of core thickness on sandwich panel response: Top is at 14 m 
stand-off for 30G14 and 40G14 and Bottom at 8m stand-off for 40G8 and 50G8. The 
blast parameters were 38.4 kg TNT equivalent. The experimental and numerical 
analyses show consistent general trends. 30G14 and 40G14 are seen to deflect to a 
Uz,max of 67 mm and 55 mm respectively from the numerical results. This compares to 
the experimental results of 78 mm and 61 mm for 30G14 and 40G14. 40G8 and 50G8 
are seen to deflect to a Uz,max of 126 mm and 110 mm respectively from the numerical 
results. This compares to the experimental results of 134 mm and 111 mm for 40G8 and 
50G8. The nature of the curves deviates after the initial impact to first maximum 
out-of-plane deflection. This is due to a combination of target failures and boundary 
deformation. From the comparison of experimental and modelling results shown below, 
a key parameter missing from the FEA implementation is a damage mechanism which 
can model accurately the core and skin damage observed. The increased damping would 
have slowed or inhibited the rebound stroke of the panel in real experiments. 
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Figure 7-8 Two plots showing displacement-time history for both the experimental and 
numerical studies on the effects of core thickness on sandwich panel response: Top is at 
14m stand-off for 30G14 and 40G14 and Bottom at 8m stand-off for 40G8 and 50G8. 
The blast parameters were 38.4 kg TNT equivalent. 
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7.4 Conclusions for Numerical Results 
The numerical modelling work provided great insight into the air blast process. It 
verified parameters and reasons behind the experimental analyses, such as transient 
boundary conditions [41]. It was apparent during experimentation that the structural 
supports are not necessarily fixed during such high rate and impulsive loading events. 
This relates well to many installations of marine and other structures. Detailed 
deformation maps obtained experimentally using DIC provided for detailed validation 
of finite element models of large-scale explosive loading of composite sandwich panels. 
The main outcome of the numerical work was that a simple material model was 
sufficient to simulate a large scale composite sandwich structure under air blast impact 
to a reasonable level of accuracy. It could describe the blast experiment with satisfied 
trends and details. More advanced aspects of modelling can be implemented, however 
unless critical safety factors of the numerical analysis versus experimental (practical) 
are needed i.e. high tolerance in the design process, these detract from the 
computational efficiency of the simulations without adding significantly to the result. 
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CHAPTER 8 Conclusions 
The research described in this dissertation covers two aspects of lightweight materials 
for transport applications. The first part is manufacturing process for lightweight 
metallic alloys and the other is structural integrity assessment for composite materials. 
The two research studies emphasise the importance of manufacture process control and 
structural integrity assessment. In both cases, there was industrial interest in the 
research from aerospace, marine and automotive manufacturers. Main conclusion were 
generated as follows: 
8.1 Gleeble Electrical Upsetting Process 
The GEU systems were designed and manufactured. GEU tests were conducted in a 
Gleeble 3800 thermomechanical simulator. The GEU tests were conducted successfully 
with accurate temperature control. The billet can be heated up at the right end by 
resistance heating, with the desired sharp decreasing temperature gradient along the 
longitudinal direction. The maximum upsetting ratio of 3 has been successfully 
achieved. The GEU system Design B showed more reliability than the GEU system 
Design A. Three parameters play important roles in the GEU process. These parameters 
are heating rate, forming temperature and forming speed. A processing window for the 
GEU process of AA2011 is summarized to provide guidance for selecting the optimum 
processing parameters. It was found that the heating rate should be between 10 and 
30 °C/s. The forming temperature should be between 250 and 350 °C. The forming 
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speed should be between 0.5 and 2 mm/s.  
8.2 Air Blast Loading of Fibre Reinforced Polymer 
The DIC system was successfully applied to investigate large scale composite sandwich 
structure under blast loading. Experimental data was analysed to study the structure 
behaviour under air blast from various aspects, including boundary conditions. 
Composite sandwich panel with CFRP skins was more resistant to air blasts than the 
panel with GFRP skins with similar skin and core thickness. Meanwhile, steel plate with 
similar weight per unit area was weaker in blast resistance than FRPC sandwich 
materials. The air blast resistance of GFRP-skinned composite sandwich structures 
positively related to the core thickness. Air blast impulse decreased along stand-off 
distance, resulted in smaller deformation of the GFRP-skinned composite sandwich 
structures. The boundary conditions affected the air blast resistant property of the panels 
severely. The numerical modelling work provided great insight into the air blast process. 
It verified parameters and reasons behind the experimental analyses. The main outcome 
of the numerical work was that a simple material model was sufficient to simulate a 
large scale composite sandwich structure under air blast impact. It could describe the 
blast experiment with satisfied trends and details.  
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APPENDICES 
Appendix 1 General Electrical Design Calculation for GEU system 
The material property data are given in the following table 
 Electrical resistivity,  
ρ0, (× 10
-8 Ωm) 
Specific heat 
capacity, c,  
(×103 J · (kg · K)-1) 
Density, ρ,  
(g/cm3) 
Cu 1.7 0.39 8.9 
Ti-6Al-4V 170 0.56 4.43 
Al alloy 2.9 0.88 2.7 
The resistance 𝑅𝑅 of uniform cross-section can be computed as 
𝑅𝑅 = 𝜌𝜌0 𝐿𝐿𝐴𝐴 
where 𝐿𝐿 is the length of the conductor, 𝐴𝐴 is the cross-sectional area of the conductor, 
and 𝜌𝜌0 is the electrical resistivity of the material. 
for 
∆𝑇𝑇 = ∆𝐸𝐸
𝑚𝑚𝑚𝑚
 
Where ∆𝑇𝑇 stands for increased temperature, ∆𝐸𝐸 stands for quantity of absorbed heat, 
𝑚𝑚 stands for mass, 𝑚𝑚 stands for specific heat capacity. 
The Gleeble 3800 material test station provide direct current to heat up samples. 
Considering limiting case for safety purpose, assuming all electrical resistant energy 
transfers to thermal energy and there is no heat loss, 
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∆𝐸𝐸 = 𝐼𝐼2𝑅𝑅𝐷𝐷 
Where 𝐼𝐼 stands for current intensity, 𝑅𝑅 stands for electric resistance, 𝐷𝐷 stands for 
time. 
Assuming subscript Ti stands for Titanium alloy (Ti-6Al-4V), subscript C stands for 
Copper, subscript Al stands for Aluminium Alloy. 
𝐴𝐴 stands for cross-sectional area, 𝐿𝐿 stands for current-flowing length, 𝜌𝜌 stands for 
density, r is 3 mm in our design, 
𝐴𝐴𝑇𝑇𝑇𝑇 = 𝐴𝐴𝐴𝐴𝑠𝑠 = 𝜋𝜋𝐷𝐷𝑇𝑇𝑇𝑇2 = 𝜋𝜋𝐷𝐷𝐴𝐴𝑠𝑠2 = 𝜋𝜋 × 32 𝑚𝑚𝑚𝑚2 = 28.27 𝑚𝑚𝑚𝑚2 
According to mechanical design, 
𝐿𝐿𝑇𝑇𝑇𝑇 =  𝐿𝐿𝐴𝐴𝑠𝑠 = 43 𝑚𝑚𝑚𝑚 
so 
  ∆𝑇𝑇𝑇𝑇𝑇𝑇
∆𝑇𝑇𝐶𝐶
= ∆𝐸𝐸𝑇𝑇𝑇𝑇
∆𝐸𝐸𝐶𝐶
× 𝑚𝑚𝐶𝐶
𝑚𝑚𝑇𝑇𝑇𝑇
× 𝑚𝑚𝐶𝐶
𝑚𝑚𝑇𝑇𝑇𝑇
 
        = �𝐼𝐼2𝑅𝑅𝑇𝑇𝑇𝑇𝐷𝐷
𝐼𝐼2𝑅𝑅𝐶𝐶𝐷𝐷
� × �𝐴𝐴𝐶𝐶
𝐴𝐴𝑇𝑇𝑇𝑇
× 𝐿𝐿𝐶𝐶
𝐿𝐿𝑇𝑇𝑇𝑇
× 𝜌𝜌𝐶𝐶
𝜌𝜌𝑇𝑇𝑇𝑇
� × � 𝑚𝑚𝐶𝐶
𝑚𝑚𝑇𝑇𝑇𝑇
� = 𝑅𝑅𝑇𝑇𝑇𝑇
𝑅𝑅𝐶𝐶
× �𝐴𝐴𝐶𝐶
𝐴𝐴𝑇𝑇𝑇𝑇
× 𝐿𝐿𝐶𝐶
𝐿𝐿𝑇𝑇𝑇𝑇
× 𝜌𝜌𝐶𝐶
𝜌𝜌𝑇𝑇𝑇𝑇
� × �𝑚𝑚𝐶𝐶
𝑚𝑚𝑇𝑇𝑇𝑇
� 
        = �𝜌𝜌0𝑇𝑇𝑇𝑇
𝜌𝜌0𝐶𝐶
× 𝐿𝐿𝑇𝑇𝑇𝑇
𝐿𝐿𝐶𝐶
× 𝐴𝐴𝐶𝐶
𝐴𝐴𝑇𝑇𝑇𝑇
� × �𝐴𝐴𝐶𝐶
𝐴𝐴𝑇𝑇𝑇𝑇
× 𝐿𝐿𝐶𝐶
𝐿𝐿𝑇𝑇𝑇𝑇
× 𝜌𝜌𝐶𝐶
𝜌𝜌𝑇𝑇𝑇𝑇
� × �𝑚𝑚𝐶𝐶
𝑚𝑚𝑇𝑇𝑇𝑇
� 
        = 𝜌𝜌0𝑇𝑇𝑇𝑇
𝜌𝜌0𝐶𝐶
× 𝐴𝐴𝐶𝐶2
𝐴𝐴𝑇𝑇𝑇𝑇
2 × 𝜌𝜌𝐶𝐶𝜌𝜌𝑇𝑇𝑇𝑇 × 𝑚𝑚𝐶𝐶𝑚𝑚𝑇𝑇𝑇𝑇 
𝐼𝐼𝑇𝑇𝑇𝑇 = �𝑚𝑚𝑇𝑇𝑇𝑇𝑚𝑚𝑇𝑇𝑇𝑇𝑅𝑅𝑇𝑇𝑇𝑇 × (∆𝑇𝑇𝑇𝑇𝑇𝑇𝐷𝐷 ) 
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1. 1 Titanium alloy (Ti-6Al-4V) 
For a Ti-6Al-4V sample, the current rating and temperature increase requirement of the 
copper cable is as follows, 
1.1.1 Current rating requirement 
𝑅𝑅𝑇𝑇𝑇𝑇 = 𝜌𝜌0𝑇𝑇 𝐿𝐿𝑇𝑇𝑇𝑇𝐴𝐴𝑇𝑇𝑇𝑇 = 1.7 × 10−6 × 43 × 10−328.27 × 10−6 = 2.59 × 10−3 𝛺𝛺 
𝑚𝑚𝑇𝑇 = 𝜌𝜌𝑇𝑇𝐴𝐴𝑇𝑇𝐿𝐿𝑇𝑇 = 4.43 × 103 × 28.27 × 10−6 × 43 × 10−3 = 5.38 × 10−3 𝑘𝑘𝑘𝑘 
Generally, 
𝐼𝐼𝐶𝐶 = 𝐼𝐼𝑇𝑇𝑇𝑇 = �𝑚𝑚𝑇𝑇𝑇𝑇𝑚𝑚𝑇𝑇𝑇𝑇𝑅𝑅𝑇𝑇𝑇𝑇 × (∆𝑇𝑇𝑇𝑇𝑇𝑇𝐷𝐷 ) = 34.1 × �∆𝑇𝑇𝑇𝑇𝑇𝑇𝐷𝐷 = 34.1 × �𝑅𝑅𝑎𝑎 
If heating rate is 𝑅𝑅𝑎𝑎 = ∆𝑇𝑇𝑇𝑇𝑇𝑇𝑠𝑠 = 10 ℃/𝑠𝑠 
𝐼𝐼𝐶𝐶 = 𝐼𝐼𝑇𝑇𝑇𝑇 = �5.38 × 10−3 × 0.56 × 1032.59 × 10−3 × (10) = 107.8.𝐴𝐴 
If heating rate is 𝑅𝑅𝑎𝑎 = ∆𝑇𝑇𝑇𝑇𝑇𝑇𝑠𝑠 = 20 ℃/𝑠𝑠 
𝐼𝐼𝐶𝐶 = 𝐼𝐼𝑇𝑇𝑇𝑇 = �5.38 × 10−3 × 0.56 × 1032.59 × 10−3 × (20) = 152.5 𝐴𝐴 
1.1.2 Temperature requirement 
The cross-sectional area of copper cable is,  
𝐴𝐴𝐶𝐶 = 𝐴𝐴𝑇𝑇𝑇𝑇 × �∆𝑇𝑇𝑇𝑇𝑇𝑇∆𝑇𝑇𝐶𝐶 × 𝜌𝜌0𝐶𝐶𝜌𝜌0𝑇𝑇𝑇𝑇 × 𝜌𝜌𝑇𝑇𝑇𝑇𝜌𝜌𝐶𝐶 × 𝑚𝑚𝑇𝑇𝑇𝑇𝑚𝑚𝐶𝐶  
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Generally, 
𝐴𝐴𝐶𝐶 = 2.4 × �∆𝑇𝑇𝑇𝑇∆𝑇𝑇𝐶𝐶 = 2.4 × √𝑁𝑁 
If 𝑁𝑁 = ∆𝑇𝑇𝑇𝑇𝑇𝑇
∆𝑇𝑇𝐶𝐶
= 10, therefore ∆𝑇𝑇𝑇𝑇𝑇𝑇 = 900~1000℃, ∆𝑇𝑇𝐶𝐶 = 90~100℃ 
Then  
𝐴𝐴𝐶𝐶 = 28.27 × �10 × 1.7 × 10−81.7 × 10−6 × 4.43 × 1038.9 × 103 × 0.56 × 1030.39 × 103 = 7.58 𝑚𝑚𝑚𝑚2 
If 𝑁𝑁 = ∆𝑇𝑇𝑇𝑇
∆𝑇𝑇𝐶𝐶
= 15, ∆𝑇𝑇𝑇𝑇 = 900~1000℃, ∆𝑇𝑇𝐶𝐶 = 60~66.7℃ 
Then 
𝐴𝐴𝐶𝐶 = 28.37 × �20 × 1.7 × 10−81.7 × 10−6 × 4.43 × 1038.9 × 103 × 0.56 × 1030.39 × 103 = 10.73 𝑚𝑚𝑚𝑚2 
 
1.2 Aluminium alloy 
For an Aluminium sample, the current rating and temperature increase requirement of 
the copper cable is as follows, 
1.2.1 Current rating requirement 
𝑅𝑅𝐴𝐴𝑠𝑠 = 𝜌𝜌0𝑇𝑇 𝐿𝐿𝐴𝐴𝑠𝑠𝐴𝐴𝐴𝐴𝑠𝑠 = 2.9 × 10−8 × 43 × 10−328.27 × 10−6 = 4.41 × 10−5 𝛺𝛺 
𝑚𝑚𝐴𝐴𝑠𝑠 = 𝜌𝜌𝐴𝐴𝑠𝑠𝐴𝐴𝐴𝐴𝑠𝑠𝐿𝐿𝐴𝐴𝑠𝑠 = 2.7 × 103 × 28.27 × 10−6 × 43 × 10−3 = 3.28 × 10−3 𝑘𝑘𝑘𝑘 
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𝐼𝐼𝐴𝐴𝑠𝑠 = �𝑚𝑚𝐴𝐴𝑠𝑠𝑚𝑚𝐴𝐴𝑠𝑠𝑅𝑅𝐴𝐴𝑠𝑠 × (∆𝑇𝑇𝐴𝐴𝑠𝑠𝐷𝐷 ) = 255.8 × �∆𝑇𝑇𝑇𝑇𝐷𝐷 255.8 × �𝑅𝑅𝑎𝑎 
 
If heating rate is 𝑅𝑅𝑎𝑎 = ∆𝑇𝑇𝐴𝐴𝐴𝐴𝑠𝑠 = 10 ℃/𝑠𝑠 
𝐼𝐼𝑇𝑇 = �3.28 × 10−3 × 0.88 × 1034.41 × 10−5 × (10) = 808.9 𝐴𝐴 
If heating rate is 𝑅𝑅𝑎𝑎 = ∆𝑇𝑇𝑇𝑇𝑠𝑠 = 20 ℃/𝑠𝑠 
𝐼𝐼𝑇𝑇 = �3.28 × 10−3 × 0.88 × 1034.41 × 10−5 × (20) = 1143.9 𝐴𝐴 
1.2.2 Temperature requirement 
Generally, 
𝐴𝐴𝐶𝐶 = 𝐴𝐴𝐴𝐴𝑠𝑠 × �∆𝑇𝑇𝐴𝐴𝑠𝑠∆𝑇𝑇𝐶𝐶 × 𝜌𝜌0𝐶𝐶𝜌𝜌0𝐴𝐴𝑠𝑠 × 𝜌𝜌𝐴𝐴𝑠𝑠𝜌𝜌𝐶𝐶 × 𝑚𝑚𝐴𝐴𝑠𝑠𝑚𝑚𝐶𝐶 = 17.97 × �∆𝑇𝑇𝐴𝐴𝑠𝑠∆𝑇𝑇𝐶𝐶 = 17.97 × √𝑁𝑁 
If 𝑁𝑁 = ∆𝑇𝑇𝐴𝐴𝐴𝐴
∆𝑇𝑇𝐶𝐶
= 5, ∆𝑇𝑇𝐴𝐴𝑠𝑠 = 400~500℃, ∆𝑇𝑇𝐶𝐶 = 80~100℃, 
Then 
𝐴𝐴𝐶𝐶 = 28.37 × �5 × 1.7 × 10−82.9 × 10−8 × 2.7 × 1038.9 × 103 × 0.88 × 1030.39 × 103 = 40.19 𝑚𝑚𝑚𝑚2 
Based on the above calculation, 𝐴𝐴𝐶𝐶  needs to be larger than 40.19 mm
2. 
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Appendix 2 Initial Gleeble Electrical Upsetting System Designs 
Except for the GEU system Design A and the GEU system Design B, three 
representative initial sets of the GEU systems are also briefly described in the following 
part, as well as general comments of each system. These designs were not employed in 
the present research for different reasons, which are explained in their respective 
descriptions. 
Initial GEU system Design 1 
 
Section views of engineering drawings for the GEU system Design 1 at different 
working status: current paths are represented by blue arrow lines and heated part of the 
sample is highlighted in red. (a) Initial status of the system. (b) Formed status of the 
system. 
Design 1 was the first design of the Gleeble electrical upsetting system. As shown in the 
above figure, the current flows through the pushing rig, the pushing bar, the steel tube 
and the sample billet, to the fixed rig. The steel tube, which directly contacted the billet, 
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increases the cross-sectional area of the current path. The current magnitude in the red 
part of the billet is much higher than the other part. Therefore the red part is heated up 
to a much higher temperature and is easier to be formed. However, Design 1 was 
rejected because there is no suitable material for the pushing bar. For the same 
cross-sectional area of the sample, it requires much higher strength but lower electrical 
resistivity. 
Initial GEU system Design 2 
 
Section views of engineering drawings for the GEU system Design 2 at different 
working status: current paths are represented by blue arrow lines and heated part of the 
sample is highlighted in red. (a) Initial status of the system. (b) Formed status of the 
system. 
Design 2 was a telescope-shaped design. As shown in the above figure, the current 
flows through the pushing rig, the outer steel tube, the inner steel tube and the sample 
billet, to the fixed rig. Due to the isolated ceramic plate, no current flows through the 
 8–147  
 
pushing bar. The inner steel tube increases the cross-sectional area of the current path. 
Only the red part is heated up and formed. However, in order to achieve the target 
upsetting ratio of 3, at least 40 mm compressing length is required. This working length 
is required for both the pushing bar and the billet. Together with other components, the 
total length exceeds maximum length (110mm) in the chamber. 
Initial GEU system Design 3 
 
Section views of engineering drawings for the GEU system Design 3 at different 
working status: current paths are represented by blue arrow lines and heated part of the 
sample is highlighted in red. Figure (a) Initial status of the system. Figure (b) Formed 
status of the system. 
Design 3 was developed based on design 2. As shown in the above figure, a multi-layer 
telescope-shaped design was proposed to overcome the length limitation. A special 
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shaped ceramic die is also proposed to increase the heated part of the billet in order to 
increase forming speed. However, the current magnitude is supposed to be over 1000 A 
if an Aluminium sample is tested as shown in the Appendix 1. Due to the potential 
unreliability of multiple contacting current flow paths, this ‘telescope’ design was not 
employed. 
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Appendix 3 Engineering Drawings of components of GEUs Design A 
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Appendix 4 Engineering Drawings of components of GEUs Design B 
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